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 signalling is crucial to modulate sperm motility and changes in the intracellular calcium 
concentration [Ca
2+
]i may underlie ‘switching’ of sperm swimming behaviour in human 
spermatozoa, which is important for sperm progression in the female tract. I investigated the 
mechanism by which progesterone induces [Ca
2+
]i oscillations and also investigated the role 
of [Ca
2+
]i oscillations for sperm swimming behaviour and penetration ability into mucus. 
Sperm were loaded with Ca
2+
-indicator fluo4/AM, treated with different agonists and 
analysed in single live-cell imaging and functional assays were also performed in free-
swimming sperm. Approximately 25% of the human sperm population exhibit [Ca
2+
]i 
oscillations, independently of sperm capacitation. [Ca
2+
]i rise first in flagellum then spread 
actively to the head, apparently triggering CICR. Membrane potential (Vm), Slo3 channels 
and CatSper channels contribute to [Ca
2+
]i oscillations generation. [Ca
2+
]i oscillations occur in 
free-swimming spermatozoa and are associated with switching of sperm swimming behaviour 
in both low and high viscosity environments: drives velocity, sperm turning,  hyperactivated 
motility and regulates attachment/detachment from substrate. Consistent with the involvement 
of CatSper in generation of [Ca
2+
]i oscillations, regulation of sperm swimming velocity and 
cell progression are dependent on CatSper channels. Additionally, sperm ability to penetrate 
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1.1 Research background 
 
The World Health Organization (WHO) considers infertility as “a disease of the 
reproductive system defined by the failure to achieve a clinical pregnancy after 12 months or 
more of regular unprotected sexual intercourse” and this disorder has been recognised as a 
public health issue across the globe (Zegers-Hochschild et al, 2009). The estimated proportion 
of couples in reproductive age (15 - 49 years) affected by infertility is more than 20% 
(approximately 210 million people worldwide) (Slama et al , 2012) and 40 - 50% is attributed 
to the male partner (Hirsh, 2003; Brugh and Lipshultz, 2004). Male infertility affects 
approximately 7% of all men in the world and it is associated to sperm dysfunction in most of 
the cases (Irvine, 1998; Sharpe, 2012, Lotti and Maggi, 2014). According to the WHO, the 
reference values for human semen are: volume: 1.5 mL, sperm concentration: 15 million 
spermatozoa/mL, total sperm number: 39 million spermatozoa per ejaculate, morphology: 4% 
normal forms, vitality: 58% live and progressive motility: 32% (Cooper et al, 2010). 
Therefore, the main causes for male fertility issues include low sperm concentration 
(oligospermia), abnormal sperm morphology (teratospermia) and poor sperm motility 
(asthenospermia). The impaired motility of spermatozoa is responsible for a great number of 
male infertility occurrences. At the moment, men do not have a choice of a non-invasive 
pharmacological treatment for sperm dysfunction and to improve fertility. In fact, the only 
infertility therapy option is ART (Assisted Reproductive Technology), which depends on the 
severity of the infertility condition. Common methods of ART to overcome male infertility 




cases; and intra-cytoplasmic sperm injection (ICSI) - extreme sperm dysfunction cases. 
However, ART procedures can be very expensive, complex and highly invasive. The lack of 
progress in non-invasive treatment alternatives is due to the limited understanding of cellular 
and molecular functions of the mature spermatozoa (Aitken and Henkel, 2011; Barratt et al, 
2011). Important studies are being made concerning Ca
2+
 signalling as a major key to 
understand the regulation of sperm motility and male fertility (Publicover et al, 2007; Costello 
et al, 2009; Lishko et al, 2011; Alasmari et al, 2013). Spermatozoa need to undergo several 
events to be competent for a successful fertilisation, such as capacitation, hyperactivation, 
chemotaxis towards the egg, acrosome reaction, binding and fusion with egg membrane. Most 
of these events are Ca
2+-
dependent (Marquez and Suarez, 2004; Eisenbach and Giojalas, 
2006; Kaupp et al, 2006; Publicover et al, 2007). Although some progress in this area has 
been made, a number of questions associated with Ca
2+





Fertilisation is a complex multi-event process in which a female and a male haploid 
gamete, named egg and sperm cell, combine their genetic information to produce a genetically 
different organism. It involves maturation and development of the spermatozoa and eggs, 
followed by sperm transport through the female reproductive tract and ending with sperm-egg 
interaction and then fusion of the gametes plasma membranes (Yanagimachi, 1994). To 
successfully fertilise an egg, sperm cells need to undergo a succession of biochemical and 
physiological changes in the female reproductive tract since human spermatozoa are not yet 




and Sakkas, 2003). These events are dependent on several factors such as hormones, pH, ions, 
reactive oxygen species (ROS), temperature, and are regulated by different signaling 




]i) is a modulation 
mechanism that plays a significant role in most of fertilisation steps (Publicover et al, 2007; 
Costello et al, 2009).  
 
1.2.1 Oogenesis   
 
Oogenesis is the production of the female gamete from primordial germ cells, 
resulting in an egg containing all the constituents and machinery necessary to start 
metabolism and development, such as organelles, maternal mRNAs, cytoplasmic proteins, 
growth factors and metabolic substrates. In the human female, oogenesis begins during fetal 
development when primordial germ cells multiply to form thousand diploid oogonia (Witschi, 
1948; Hashimoto and Eguchi, 1955). The first meiosis event of the oogonium occurs during 
the embryo development and the primary oocyte remains arrested in the sustained diplotene 
stage of the first meiotic prophase for approximately 12 years, when females reaches puberty 
(Pinkerton et al, 1961; Baker and Franchi, 1967; Byskov and Hoyer, 1994). In fact, some 
oocytes are arrested in meiotic prophase for almost 50 years. Each oocyte becomes 
surrounded by a layer of epithelial granulosa cells and a layer of mesenchymal thecal cells, 
which together forms the primordial follicle (Gougeon, 1996). At birth, the ovary contains 
around 400,000 primordial follicles however, over the lifetime of woman, only about 400 
primordial follicles get matured (Peters et al, 1975). Human females have a periodic ovulation 




primordial follicle undergoes a stage of follicular growth (follicular phase) with the stimuli of 
follicle-stimulating hormone (FSH) (Wassarman, 1988; Gupta et al, 1997).  
The oocyte forms an extracellular matrix called the zona pellucida (ZP) by secreting 
glycoproteins (ZP1 to ZP4, in humans) (Chamberlin and Dean, 1990; Harris et al, 1994, 
Lefièvre et al, 2004). The follicle undergoes a 500-fold increase in volume and become 
among the largest cells in the body. Oocyte diameter increases from 10 μm in a primordial 
follicle reaching 100 μm in a fully developed follicle. Simultaneously with oocyte growth an 
increase in the number of follicular granulosa cells occurs, which form several layers of 
cumulus cells around the oocyte (Buccione et al, 1990). In response to hormonal stimulation, 
oocyte resumes the first meiotic division and it is divided in two daughter cells; one cell has 
barely any cytoplasm, called first polar body, whereas the other cell has nearly the entire 
volume of cellular components, referred as secondary oocyte (Erickson, 1986; Gondos et al, 
1986) (fig. 1.1). 
 
 
Figure 1.1 Human female gamete. Egg and polar body surrounded by zona pellucida 
(formed by ZP1-ZP4 glycoproteins) and by cumulus cells layer inserted in hyaluronic acid 




The physical release of the mature oocyte from the follicle is triggered by luteinising 
hormone (LH) which initiates the process of ovulation by the stimulation of steroidogenesis 
and plasminogen activator, causing increase on prostaglandin synthesis and latent collagenase 
(Lemaire et al, 1973; Beers et al, 1975; Downs and Longo, 1983). After the rupture of the 
follicle, the remaining cells developed into the corpus luteum, under the continued effect of 
LH (luteal phase). The corpus luteum secretes steroid hormones including estrogen, but 
mainly progesterone. Progesterone is important to stimulate the uterine wall thickening and 
blood vessels growth for facilitate embryo implantation after egg fertilisation (Lessey et al, 
1996).            
 If the fertilisation does not occur, the corpus luteum becomes degenerated, 
progesterone secretion stops, and the uterine wall sheds. If fertilisation occurs, the egg 
undergoes the second division of meiosis, similar to the first one, with unequal cytokinesis. 
Most of the cytoplasm is reserved by the fertilised egg and a second polar body remains with 







Figure 1.2 Human female oogenesis and gamete maturation. (a) Diagram of oogenesis 
process from the primordial germ cell to ovum development. (b) The process of female 
gamete maturation in human female ovary: 1 - primordial follicle development; 2 and 3 - 
follicular phase; 4 - ovulation and gamete releasing; 5 - luteal phase; 6 - corpus luteum 




Spermatogenesis differs from oogenesis in several ways. While oogenesis develops an 
egg containing all the constituents necessary to start metabolism, spermatogenesis forms a 
gamete differentiated for motility. During embryonic development, primordial germ cells 
become integrated into the sex cords of the male embryo, where they remain until maturation.  
The sex cords, which develop into the seminiferous tubules, have an epithelium that includes 
Sertoli cells (Wartenberg, 1978; Martineau et al, 1997; Tilmann and Capel, 1999). Sertoli 




primordial germ cells into sperm cells, mainly nourishing the developing sperm cells through 
the different stages of spermatogenesis (Griswold, 1998) (fig. 1.3).  
 
 
Figure 1.3 Germ cells and Sertoli cells organisation in seminiferous tubules. Cross section 
from seminiferous tubule showing different stages of germ cells maturation: undifferentiated 
spermatogonia (in the basal layer) and mature spermatocytes and spermatids (closer to the 
lumen); and Sertoli cells organised in concentric layers (image reproduced from The Human 
Protein Atlas: available on www.proteinatlas.org). 
 
 
 Spermatogenesis begins with the division of primordial germ cells into smaller cells 
called type A spermatogonia. Type A spermatogonia are stem cells, capable of self-renewal, 
and they are found adjacent to the outer basement membrane of seminiferous tubules.  In 
rodents, there are four different types A spermatogonia (1 – 4), however, only type A4 can 
differentiates into the intermediate spermatogonium, which are committed to becoming sperm 




(Ad) and A pale (Ap) spermatogonia (Clermont, 1972). An intermediate spermatogonium 
undergoes mitotic division both to maintain the stem cell population and to form the type B 
spermatogonia, which are the precursors of the primary spermatocytes (Huckins, 1971; 
Oakberg, 1971; De Rooij, 1973; Tegelenbosch and De Rooij 1993, De Rooij and Russell, 
2000). 
  Diploid primary spermatocytes undergo first meiotic division producing haploid 
secondary spermatocytes. The secondary spermatocytes complete the second meiosis division, 
which generates four spermatids, connected to each other through cytoplasmic bridges. The 
cytoplasmic bridges are important to facilitate diffusion of proteins and mRNAs between the 
cytoplasm of the two cells (Dym and Fawcett 1971; Braun et al, 1989). During these several 
divisions from type A1 spermatogonium to spermatid, the cells migrate from the basement 






Figure 1.4 Human male spermatogenesis and gamete maturation. Diagram of 
spermatogenesis process from the primordial germ cell to mature sperm cell. The process of 
male gamete maturation in human occurs in the seminiferous tubules and the different types 
of cells observed during spermatogenesis can be found in a particular region of the tubule 
(image reproduced from Campbell et al, 1999). 
 
The spermatid, in the first stage of differentiation, is a round and unflagellated cell and 
it needs to go through a process called spermiogenesis to differentiate into a functional sperm 
cell. The first step of spermiogenesis involves the developing of the acrosomal vesicle from 
the Golgi apparatus, also called Golgi phase (Clermont et al, 1993; Smith et al, 1990; Susi et 
al, 1971; Tang et al, 1982; Oko and Clermont, 1998). Then, the cap phase initiates and the 
acrosome vesicle starts to be positioned covering the sperm nucleus. Concomitant to the cap 




nucleus (Clermont et al, 1993; Oko and Clermont, 1998). By the end of this phase, the 
spermatid rotates so that the cap and nucleus will be directed toward the basal membrane of 
the seminiferous tubule and the developing flagellum will extend into the lumen.  
During the acrosomal phase of spermiogenesis, the nucleus flattens and the DNA 
condensing histones are removed and replaced by protamines. The DNA becomes 
supercondensed and the transcription in the nucleus is completely inhibited (Burgos and 
Fawcett, 1956; Peschon et al, 1987; Russell et al, 1990; Braun, 2001). Also, the formation of 
the tail continues and approximately 100 mitochondria concentrate at the flagellum midpiece, 
being responsible for the aerobic functioning of the sperm cell. From the midpiece to the 
principal piece of the sperm flagellum, nine outer dense fibers (ODFs) extend and surround 
the internal cytoskeleton structure of the flagellum, the axoneme (Fawcett et al, 1975; Guraya, 
1987). The ODFs together with tubuli doublets confer the flagellum 9+2 structure and are 
important to the flagellum protection and in regulating sperm motility (Linck et al, 1981; 
Baltz et al, 1990; Sutovsky and Manandhar, 2006; Linck et al, 2016). The most distal end 
piece of flagellum contains essentially the central flagellum surrounded by the plasma 
membrane. Just before the sperm cell is liberated from the luminal surface, the maturation 
phase, most of the cytoplasm and redundant organelles such as Golgi complexes, endoplasmic 
reticulum, lysosomes, peroxisomes, and ribosomes are removed as residual bodies and 
phagocytosed by surrounding Sertoli cells (Dietert, 1966; Sakai and Yamashina, 1989). The 
mature spermatozoon cell consists: the head, with the nucleus and acrosome; and the 
flagellum, which is divided in middle piece (containing mitochondria), principal piece 





Figure 1.5 Human male spermiogenesis phases. Spermiogenesis consists in the developing 
of the acrosomal vesicle from Golgi apparatus (Golgi phase); formation of acrosomal cap and 
flagellum (cap phase); nucleus elongation and mitochondria deposition at the flagellum 
midpiece (acrosomal phase); and elimination of cytoplasm excess and redundant organelles as 
residuals bodies (maturation phase) (image reproduced from Campbell et al, 1999). 
 
The developing of spermatogonial stem cell to mature sperm cell takes approximately 
65 days, in human (Dym, 1994). Daily, around 100 million sperm cells are produced in each 
human testicle, in a rate of approximately 1000 spermatozoa produced per second (Amann 
and Howards, 1980). Approximately 200 million sperm cells are released during the 





cells during a lifetime (Reijo et al, 1995). 
After sperm production and maturation in the testes, cells are transported to the 
epididymis, where they are stored and undergo a plasma membrane remodelling by the 
addition of epididymal proteins to its surface (Frenette et al, 2002; Busso et al, 2007). 
Epididymal sperm now encounter the seminal fluid secreted by several glands including 




plays an important role in coating the sperm plasma membrane. This coat involve proteins 
also named as “decapacitation factors” which are implicated in sperm stabilisation and 
survival during the transport through the female reproductive tract, prevention of premature 
capacitation and also proteins required for the sperm’s ability to bind to the zona pellucida 
and undergo oocyte fusion (Eng and Oliphant, 1978; Reddy et al, 1982; Cooper, 2002; 
Cuasnicu et al, 2002).  
 
1.2.3 Sperm transport in the female reproductive tract 
 
At ejaculation, the seminal fluid with millions sperm cells is deposited in the female 
reproductive tract. However, only a limited number of sperm succeeds in reaching the 
fallopian tubes (oviducts), and even less are capable of fertilising the egg. The first interaction 
of the sperm cells with the female tract is with the anterior vagina. Sperm cells then start to 
abandon the seminal fluid and enter the cervix in order to escape vaginal acid (typically pH 
between 3.8 – 4.5) and immune responses (Sobrero and Macleod, 1962). Under estrogen 
stimulation, the cervix secretes highly hydrated mucus, which represents a greater barrier to 
abnormal sperm with poor morphology and motility. The cervical mucus acts as a sperm 
selection system since only a fraction of the ejaculated sperm actually enter the cervix 
(Hanson and Overstreet, 1981; Barros et al, 1984; Katz et al, 1990, 1997). 
The transport of sperm through the uterus is boosted by muscular contractions of the 
myometrium and take less than 10 min since sperm cells can swim at a rate around 5 mm/min 
in an aqueous medium and the human uterine cavity is quite small in length (Mortimer and 
Swan, 1995). After traversing the uterine cavity, sperm cells reach the uterotubal junction, 




is thick walled and exhibits a twisty and very narrow lumen often filled with viscous mucus 
(Hafez and Black, 1969; Jansen, 1980). All these characteristics together regulate the sperm 
progression and just few thousands cells manage to swim through the uterotubal junction to 
get into the oviduct (also known as Fallopian tube) (Bedford, 1970; Shalgi et al, 1992; Holt 
and Van Look 2004; Nakanishi et al, 2004).  
Although only identified in other mammalian species, a storage region (sperm 
reservoir) in the tubal isthmus is also believed to be found in humans (Suarez and Pacey, 
2006). A sperm reservoir provides conditions that maintain sperm viability until ovulation, 
suppression of motility providing sperm interaction with oviductal epithelium (Kervancioglu 
et al, 1994). Also the storage of sperm in the tubal isthmus prevents polyspermy since only 
100 to 1000 sperm cells reach the oocyte in the ampulla (the last portion of the oviduct) 
(Hunter and Leglise, 1971; Hunter, 1972, 1973).  
During the hosting period in the tubal isthmus, sperm cells undertake capacitation and 
hyperactivation, which permits them to proceed on the way to the tubal ampulla. After release 
from the oviductal epithelium, sperm may be guided to the oocyte by taxis mechanisms, 
mainly chemotaxis. Also hyperactivated motility aids sperm in penetrating mucus in the 
oviduct, the cumulus cells layer and zona pellucida of the oocyte, so that male gamete may 
finally fuse with the oocyte plasma membrane (Ho and Suarez, 2001; Rathi et al, 2001; 
Suarez, 2008; Quill et al, 2003; Suarez and Ho, 2003; Darszon et al, 2011; Alasmari et al, 







Figure 1.6 Sperm transport in the female reproductive tract. The diagram shows the 
dimensions of female reproductive tract organs and the amount of sperm cells that may reach 
each organ to fertilise an egg. Sperm cells are deposited in the anterior vagina, however just a 
few proceed into the cervix. After transverse the uterine cavity, they reach the uterotubal 
junction and enter into the isthmus, where they can be attached in the sperm reservoir. In the 
storage site, sperm undergoes capacitation and hyperactivation and only a small fraction is 
guided by chemotaxis towards to the egg-cumulus complex (image reproduced from 
Eisenbach and Giojalas, 2006). 
 
 
After fertilisation, any remaining sperm cells in the female reproductive tract may be 
phagocytosed and eliminated (Chakraborty and Nelson, 1975; Mortimer and Templeton, 










Freshly ejaculated sperm cells are not competent to fertilise an egg and they must 
reside in the female mammalian reproductive tract to undergo multiple physiological and 
biochemical modifications to become capacitated for fertilisation (De Lamirande et al, 1997; 
Jonge, 2005). This process, known as capacitation, was first reported in rabbit and rat sperm 
by the scientists Chueh Chang (1951) and Colin Russell Austin (1951; 1952). In humans, 
capacitation starts at the cervical mucus, after the sperm cells migrate from the acidic 
environment of the vagina, and takes places predominantly in the oviduct, more specifically in 
the ampulla of the Fallopian tubes (Rathi et al, 2001). 
The modifications associated with the capacitation process include: efflux of 
cholesterol from the sperm plasma membrane promoting an increase in membrane fluidity; 
increase in bicarbonate (HCO3
-
) concentration, tyrosine phosphorilation, cyclic adenosine 
monophosphate (cAMP) levels and intracellular Ca
2+
 concentrations, changes protein kinase 
A (PKA) activity and consequently in protein phosphorylation. All these changes confer upon 
the sperm the ability to gain hyperactived motility pattern, chemotactic behaviour, interact 
with the ZP, undergo the acrosome reaction (AR) and initiate oocyte plasma membrane fusion 
(Yanagimachi, 1994). 
Recently, capacitation has been divided into: (1) fast and early events that allow 
activated spermatozoa to swim from the seminal fluid into the cervical mucus present in the 
female tract (Mortimer et al, 1986) and (2) slow and late events that comprise change of 
movement (hyperactivation) and the ability to carry out the acrosome reaction stimulated by a 





Fast and early events: occur a few seconds after the sperm are ejaculated and includes mainly 
an increase in bicarbonate (HCO3
-
) and intracellular Ca
2+
. Sperm cells encounter two main 
sources of HCO3
-
 during capacitation process: (1) from the semen and (2) from the luminal 
fluid in oviduct. Although the epididymal fluid contains relatively low concentrations of 
HCO3
-
, the semen from mammals is rich in bicarbonate and human semen presents an average 
of 22 mM (Huggins et al, 1942; Liu et al, 2012). On the other hand, luminal fluid of the 
oviduct contains very high concentration of HCO3
-
, varying between 35 mM and 90 mM 
depending on the ovulatory phase (Vishwakarma, 1962; Maas et al, 1977).   
 The HCO3
-




 (Demarco et al, 
2003) and studies suggests that Ca
2+
 influx also occurs through the sperm-specific Ca
2+
 
channel CatSper. Once in the sperm cell, HCO3
-
 promotes fast responses (order of minutes) 
inducing sAC/cAMP and PKA signalling pathway activation (Harrison and Miller, 
2000). The bicarbonate promotes increase in the intracellular pH and stimulates the abundant 





exchanger (sNHE) is also required to activate the soluble adenylyl cyclase (SACY), by 
regulating the increase of pHi (Quill et al, 2006; Wang et al, 2007). sNHE is localised on the 
principal piece of the sperm flagellum and null sperm mice are immotile and are not able to 
fertilise an oocyte (Wang et al, 2003).       
 SACY increases the intracellular levels of cAMP and, consequently, the activation of 
protein kinase A (PKA). PKA regulates several proteins by phosphorylating at 
serine/threonine (Ser/Thr) residues. PKA may also be associated in regulating the activation 
of CatSper channels by promoting alterations to membrane potential, which, consequently, 
increases [Ca
2+
]i and induces hyperactivated motility in sperm cells (Wennemuth et al, 2003). 
Also, the HCO3
-




activation of scramblase enzymes, which translocate membrane phospholipids between the 
lipid bilayer (Gadella and Harrison, 2000); this facilitates removal of cholesterol by acceptor 
proteins in the external leaflet of plasma membrane (Salicioni et al, 2007; Visconti, 2009).  
 
Slow and late events: begin by an organised destabilisation of the sperm plasma membrane. In 
ejaculated sperm, coating substances and other components of the seminal plasma overlay the 
acrosomal region of the sperm head and have to be removed before capacitation can occur, 
mainly by the dissociation of cholesterol from the sperm plasma membrane (Cross, 1998, 
2003; Flesch and Gaella, 2000; Travis and Kopf, 2002). The shedding of cholesterol is 
probably caused by the capacitation-dependent activation of a reverse sterol transporter that 
specifically lifts free sterols out of the sperm plasma membrane lipid bilayer and transfer free 
sterol monomers toward an acceptor. It may involve efflux pumps of the superfamily of ABC 
(for ATP binding cassette) transporters such as ABCA1 and ABCA17 (Selva et al, 2004; 
Morales et al, 2012) or scramblases, which are activated via a bicarbonate adenylate cyclase 
PKA signalling pathway. After being released from the sperm plasma membrane, the 
cholesterol can be transferred to proteins present in the oviductal fluid during its journey in 
the female tract, such as albumin (Neild et al, 2005).      
 Albumin in the surrounding medium decreases cholesterol content of the sperm 
plasma membrane up to 40% (Cross, 1998), and this effect is HCO3
-
 -dependent (Gadella and 
Harrison, 2000; Gadella and Van Gerstel, 2004). Cholesterol efflux, from sperm plasma 
membrane, increases membrane fluidity in the acrosomal region and also facilitates the Ca
2+
-
influx into the sperm cell during acrosome reaction (Iborra et al, 2000; Neild et al, 2005; 
Yoshimoto et al, 2017). The phenomenon is associated with the activation of several 




In addition to being dependent in HCO3
-
, the alterations of the sperm plasma 
membrane is also assisted by oxidative stress. Recently, studies have described that sterols 
can be oxidised during capacitation, increasing their hydrophilicity therefore facilitating their 
transfer to albumin (Brouwers et al, 2011). Moreover, antioxidants can inhibit this process 
and interrupt the capacitation of the spermatozoa (O’Flaherty et al, 1997; Boerke et al, 2013).  
Downstream sAC/cAMP/PKA signalling pathway, activation of tyrosine kinases 
occurs on a long-term basis (more than an hour), which phosphorylates diverse proteins at 
tyrosine (Tyr) residues (Visconti et al, 1999; Ficarro et al, 2003). The crosstalk between both 
sAC/cAMP/PKA signalling pathway and tyrosine kinase signalling pathway has been 
reported on few studies (Naz and Rajesh, 2004; Signorelli et al, 2012; Sati et al, 2014; Jin and 
Yang, 2017). Phosphorylation of proteins is a posttranslational modification event and is an 
important mechanism to regulate various cellular processes. PKA activation leads to the 
phosphorylation of several proteins in serine and threonine residues, which can activate 
several kinases or inhibit phosphatases and consequently produce an increase in the 
phosphorylation of tyrosine residues. The proteins that undergo tyrosine phosphorylation 
during capacitation are not completely identified yet. However, it is known that Tyr-
phosphorylated proteins in human sperm include ion channels; metabolic enzymes and 
structural proteins (Ficarro et al, 2003). Increased protein-tyrosine phosphorylation is noted in 
the sperm tail and it might play a role in regulation of sperm to generate hyperactivated 










Figure 1.7 Signalling pathways of fast and slow events associated with sperm 
capacitation. Fast events: increase in pHi, Ca
2+









 exchanger (sNHE), CatSper channels and 
oxidases, respectively. They might stimulate adenylyl cyclase SACY to increase cAMP 





 facilitates cholesterol efflux and PKA activation, which leads to 
increase in protein tyr phosphorylation, hyperactivated motility and acrosome reaction (image 
modified from Visconti, 2009). 
 
Interestingly, the cAMP/PKA signalling pathway activation can be completely 
bypassed when mice spermatozoa are treated with Ca
2+
 ionophore, A23187 (Tateno et al, 
2013). Treatment with A23187 in the presence of PKA inhibitor or in the absence of HCO3
−
 
induces acrosome-reacted and fertilisation-competent sperm cells and normal offspring 




Accompanied by capacitation, mammalian sperm must undergo a change in its 
motility. It involves a transition from activated swimming state, characterised by linear and 




al, 1983), to hyperactivated motility with an increase in the amplitude of the flagellar 
curvature (Yanagimachi, 1994; Ho et al, 2002). A full hyperactivated spermatozoon displays a 
vigorous and more powerful swimming pattern characterised by asymmetrical flagellar bends 
and high amplitude whip-like movements producing a non-progressive figure-of-eight pattern 
(Morales et al, 1988, Aitken and Nixon, 2013) (fig. 1.8). 
 
Figure 1.8 Comparison of hyperactivated and non-hyperactivated flagellar beat pattern. 
Non-hyperactivated sperm cell exhibits low-amplitude and symmetrical flagellar beating 
promoting linear and progressive trajectories while hyperactivated sperm cells shows increase 
in the amplitude of the flagellar curvature and asymmetrical whip-like flagellar beating 
inducing figure-of-eight pattern (image reproduced from Singh and Rajender, 2015). 
 
Hyperactivated motility was first described by Ryuzo Yanagimachi (1969) while 
studying the effect of follicular fluid in hamster spermatozoa. He observed that sperm show 
vigorous movement as they penetrate the oocyte’s zona pellucida. Over the years, scientists 
have been trying to determine how to define swimming patterns in sperm cells. The most 
accepted evaluation is through the use of computer-assisted sperm analysis (CASA), although 
this system is only able to track the head movements, indirectly assessing the flagellar bend 
amplitude. Mortimer and colleagues (1998) established that in human sperm the threshold 




(VCL) ≥ 150μm/s, linearity (LIN) <50%, amplitude of lateral head displacement (ALH) ≥7μm. 
Also CASA allowed the identification of two types of hyperactivated motility in human 
spermatozoa: progressive hyperactivated (or transition phase) and non-progressive hyperactivated 
motility (star-pin phase) (Mortimer and Mortimer, 1990) (fig. 1.9).  
 
Figure 1.9 Different types of motility patterns in human spermatozoa. Non-
hyperactivated spermatozoa exhibiting linear and progressive trajectory, with low ALH; 
Progressive hyperactivated (or transition phase); and non-progressive hyperactivated motility 
(star-pin phase), showing high ALH and VCL values, with low LIN (image reproduced 
fromMortimer, 2000). 
 
It has been proposed that hyperactivation is required by sperm to assist progression up 
the oviduct (Stauss et al, 1995; Ho and Suarez, 2001; Quill et al, 2003), to facilitate sperm to 
detach from the oviductal epithelium (Demott and Suarez, 1992) and to provide the 
propulsive force necessary for penetrating the dense matrix of the zona pellucida (Rathi et al, 
2001; Suarez, 2008) and finally interact and fuse with the egg plasma membrane (Darszon et 
al, 2011). However, the molecular basis of hyperactivation is still being elucidated. It is 




associated with an increase in cytoplasmic Ca
2+
 (Yanagimachi, 1988, 1994) and can be 
induced by treatment with Ca
2+ 
ionophores, such as A23187 or ionomycin (Suarez et al, 1992; 
Marquez and Suarez, 2007). The main Ca
2+
 source for hyperactivated motility is from the 
extracellular environment and the sperm-specific flagellar CatSper channel has been 
suggested to regulate the influx of Ca
2+
 through the plasma membrane and, thereby, the 
swimming behaviour of spermatozoa (Kirichok et al, 2006; Chang and Suarez, 2011). In 
addition to extracellular Ca
2+
, hyperactivation may also be achieved by release of calcium 
from internal stores, possibly the redundant nuclear envelope located at the base of the sperm 
flagellum (Ho and Suarez, 2003; Aitken and McLaughlin, 2007).   
Hyperactivated motility has been considered as a part of capacitation however, the 
pathways leading to hyperactivation and acrosome reaction are not completely coupled. 
Hyperactivation can occur independently of acrosomal responsiveness in mouse and hamster 
sperm; therefore they seem to be separated processes (Neill and Olds-Clarke, 1987; Marquez 
and Suarez, 2004). 
 
1.2.6 Sperm chemotaxis 
 
Only few capacitated sperm cells are released from the isthmus sperm reservoir at one 
time and numbers of sperm in ampulla are low, such that guidance is crucial in order to 
guarantee the meeting between sperm and oocyte (Eisenbach and Giojalas, 2006). Several 
molecules identified in follicular fluid have been suggested as sperm attractants, such as N-
formylated peptides (Iqbal et al, 1980), atrial natriuretic peptide (Zamir et al, 1993) and the 




In the female reproductive tract, the cumulus cell layer secretes progesterone at 
micromolar concentrations and forms a gradient from the interior to the margin in the 
surrounding area of the egg. Capacitated human spermatozoa are sensitive to picomolar 
concentrations of progesterone, inducing [Ca
2+
]i increase and can modulate movement 
patterns (Teves et al, 2009; Lishko et al, 2011; Strünker et al, 2011). Human sperm cells have 
been reported to exhibit movement and flagellar beating oriented towards the source of the 
attractant. As hyperactivation may result in a change in the swimming direction and both 
sperm chemotaxis and hyperactivation require extracellular Ca
2+
, it suggested that 
hyperactivation may be the mechanism responsible to the changing of swimming direction 
during chemotaxis (Armon and Eisenbach, 2011). However, with a raise in the 
chemoattractant concentration, turns and asymmetrical flagellar beating may be repressed, 
such that the cell swims in nearly straight line (Armon and Eisenbach, 2011) (fig. 1.10). 
 
 
Figure 1.10 Model for behaviour of human spermatozoa in a chemoattractant gradient. 
Chemoattractant gradient concentration is shown as the different intensity of the background 
colour. In contact with the chemoattractant, sperm show bursts of highly asymmetrical 
flagellar beating consistent with hyperactivated motility. However, as the chemoattractant 
concentration increases hyperactivation is inhibited and sperm starts swim in a progressive 





1.2.7 Spermatozoa-Zona pellucida interaction 
 
After penetrating the cumulus cells layer, sperm cells start interaction and binding to 
the zona pellucida (ZP). The ZP is secreted during oogenesis and consists of a porous 
glycoprotein matrix, which surrounds the oocyte. In human, the ZP comprises four sulfated 
glycoproteins: hZP1 (100 kDa), hZP2 (75 kDa), hZP3 (55 kDa) and hZP4 (65 kDa) (Bauskin 
et al, 1999; Lefièvre et al, 2004; Chiu et al, 2008; Gupta and Bhandari, 2011). Functions of 
the ZP include interaction between oocytes and follicle cells during oogenesis, species-
specific fertilisation, prevention of polyspermy, induction of acrosomal exocytosis and 
protection of the embryo before implantation (Yanagimachi, 1994; Zhao and Dean, 2002; 
Hoodbhoy et al, 2005).  
 The classical model of spermatozoa–ZP interaction involves simple binding through a 
single receptor–ligand, followed by induction of acrosome reaction. However, recent studies 
reveal a more complicated process and a surprisingly a large number of sperm molecules may 
be involved in spermatozoa–ZP interaction (Gadella, 2008). The current suggestion is that the 
sperm ZP receptor is a structure involving multiple receptor molecules that together become a 
functional complex.  
The binding of sperm to the ZP stimulates G-proteins, consequently increases the pH 
of the cytosol, and initiates a depolarisation of the plasma membrane which results in opening 
of CatSper channels (Florman et al, 1989; Xia and Ren, 2009). Influx of Ca
2+
 can induce 
additional release of Ca
2+
 from intracellular stores. This increase of Ca
2+
 in the cytosol 






1.2.8 Acrosome reaction and sperm-egg fusion 
 
The final step previous to fertilisation is the sperm acrosome reaction. The acrosome is 
a single Golgi-derived secretory granule located at the apical head of sperm, which contains 
hydrolytic enzymes. When the sperm cell encounters the cumulus cells layer or the zona 
pellucida, it undergoes a process called acrosome reaction (AR). AR involves fusion of the 
sperm plasma membrane with the outer membrane of the acrosome at multiple sites (fig 1.11), 
leading to the release of a variety of hydrolytic and proteolytic enzymes, which are vital for 
sperm penetration through the zona pellucida (Yanagimachi, 1994). AR is also important to 
promote the exposure of the inner acrosome membrane as a new cell surface membrane 
(Nolan and Hammerstedt, 1997; Jungnickel et al, 2001) and the equatorial segment in the 
sperm plasma membrane acquires ability to fuse with egg since proteins crucial to the fusion 




Figure 1.11 Diagram of acrosome reaction at the apical head of sperm cell. The outer and 
the inner acrosomal membrane fuse during acrosome reaction, leading to the release of 
hydrolytic and proteolytic enzymes. The acrosome exocytosis exposes a new cell surface 
domain in the sperm membrane, including proteins required to sperm-egg fusion at the 




Zona pellucida glycoprotein ZP3 and progesterone secreted by the cumulus cells are 
recognised as physiological factors that are crucial to acrosome reaction and are associated to 
the oocyte (Osman et al, 1989; Suarez and Ho, 2003). Sperm interaction with the zona 
pellucida triggers a number of initial responses which are required in order to produce the 
sustained Ca
2+
 influx that leads to the acrosome reaction and progesterone is also able to 
stimulate a Ca
2+
 influx into spermatozoa through activation of CatSper (Darszon et al, 2011). 
The Ca
2+
 influx generates a large and rapid increase in intracellular Ca
2+
 concentration, 
appearing first at the principal piece then spreading throughout the head, and followed by a 
sustained increase of intracellular Ca
2+
 concentration. Extracellular calcium is required for 
[Ca
2+
]i increase and for acrosome reaction achievement, but mobilisation of Ca
2+
 stored in cell 
organelles as acrosome or mitochondria is also important to the phenomenon (Florman et al, 
1989; Blackmore et al, 1990). 
More recently, Jin and co-workers (2011) have demonstrated that acrosome reaction is 
not necessarily triggered by the contact between sperm and the proteins in zona pellucida. 
Actually, most of mouse spermatozoa undergoes the acrosome reaction before contact with 
zona pellucida and are still capable to penetrate it and to bind and fuse with the oocyte. 
Further studies showed that fertilising mouse spermatozoa can start acrosome reaction even 
before progressing from the isthmus to the ampulla in the oviduct (Hino et al, 2016). 
Moreover, between acrosome-intact and acrosome-reacted sperm that penetrate the cumulus, 
the acrosome-reacted ones are more likely to reach the membrane of oocyte (Hino et al, 
2016).    
Only acrosome reacted spermatozoon can fuse with the oocyte plasma membrane. The 
acrosome exocytosis exposes the protein IZUMO1 at the equatorial segment in the sperm 




Satouh et al, 2012). The egg protein receptor that interacts directly with the sperm IZUMO1 





1.3 Ion channels in sperm physiology 
  
 Ion channels are membrane proteins that operate as a pore mediating the selective 






. The action of these proteins exploits ionic 
gradients generated by ion pumps across the cell, establishing membrane potential (Vm) and 
electrical currents, which are crucial to the modulation of several cell functions: such as 
Figure 1.12 Diagram of acrosome reaction leading 
to sperm-egg fusion. Sperm cell penetrates the 
cumulus cells layer and ZP and then undergoes the 
acrosome reaction. Exposed IZUMO1 interacts with 
JUNO presented in the egg plasma membrane, 
promoting the sperm-egg fusion (image reproduced 




regulation of intracellular pH (pHi), transcellular transport, cell volume, cell signalling 
pathways, enzymes activation/inactivation. In sperm cells, ion channels play an indispensable 
role in a variety of critical events in order to guarantee a successful fertilisation. Ion fluxes 
have been described on the regulation of sperm capacitation in the female reproductive tract, 
hyperactivated motility, chemotaxis and the acrosome reaction (Eisenbach, 1999; Visconti et 
al, 2002; Darszon et al, 2005). Sperm cell express a number of plasma membrane and 
intracellular ion channels, including the sperm exclusive channels CatSper for Ca
2+
 and Slo3 
for K
+
 (Ren  et  al,  2001; Carlson et al, 2003; Castellano et al, 2003; Darszon et al, 2006;  
Hernández-González et al, 2006; Navarro et al, 2007; Pinto et al, 2009; Xu et al, 2007; Lishko 
et al, 2010). 
 
1.3.1 Sperm calcium-signalling components  
 
The maintenance and regulation of intracellular calcium concentration ([Ca
2+
]i), is of 
great importance and is carried out by proteins and co-factors that import, export and 
sequester Ca
2+
. Typically the concentration of Ca
2+ 







concentration inside cellular organelles are higher 









]i) is a modulation mechanism of most fertilisation 
steps, especially in the swimming behaviour and flagellar beat pattern (Publicover et al, 2007; 
Costello et al, 2009).  
Sperm cells exhibit a diversity of plasma membrane Ca
2+
 channels and also possess 
Ca
2+
 stores, such as the acrosomal vesicle and redundant nuclear envelope (RNE) in the neck 
of the sperm. The variety of plasma membrane Ca
2+




canonical transient receptor potential (TRPC) channels (Castellano et al, 2002, 2003; Trevino 
et al, 2001), voltage-gated Ca
2+
 channels (Carlson et al, 2005; Trevino et al, 2004; 
Wennemuth et al, 2000), cyclic nucleotide-gated Ca
2+
 channels (Wiesner et al, 1998) and the 
sperm-specific CatSper (Ren et al, 2001; Quill et al, 2003). 
  
1.3.1.1 Canonical transient receptor potential (TRPC) channels  
 
The TRPC is a subfamily of the transient receptor potential (TRP) channel 
superfamily, which is divided according to the structure of the protein motif. They are are 
nonselective cation channels, being permeable to both monovalent and divalent cations and 
consist of a set of six transmembrane domains (TM1-TM6) and an additional hydrophobic 
pore region between TM5 and TM6 (Vannier et al, 1998). These channels are widely 
distributed in a diversity of cell types and are proposed to play role as store-operated and 
second messenger-operated channels, mainly by regulating Ca
2+
 signalling (Li et al, 2011). 
In mammals, seven genes encoding TRPCs have been reported in both spermatogenic 
cells and mature spermatozoa (TRPC1-7) (Trevino et al, 2001; Jungnickel et al, 2001; 
Castellano et al, 2003; Nilius et al, 2007). Several studies are being made to understand the 
TRPCs contribution for sperm physiology and fertilisation process. TRPC1 has been 
identified exclusively in the sperm flagellum and may be involved in the sperm activation 
process (Nilius et al, 2007). On the other hand, TRPC2 has been suggested to play a role in 
the ZP3-sperm interaction and consequently on the mediation of Ca
2+
 influx during acrosome 
reaction (Jungnickel et al, 2001). TRPC3 has also been reported on the sperm flagellum and 
associated with sperm capacitation and sperm motility (Castellano et al, 2003; Ru et al, 2015). 




(Castellano et al, 2003). Just recently a specific antibody for TRPC5 was developed and Zhu 
and colleagues (2018) reported that TRPC5 levels are positively correlated with sperm 
motility and superoxide dismutase (SOD) activity. TRPC6 has been identified in both 
acrosomal region and sperm flagellum and may be required to sperm activation and acrosome 








(CaV) channels are transmembrane proteins sensitive to changes in 
membrane potential (Vm), mediating Ca
2+
 influx to the cell cytoplasm. CaVs have been 
classified according to their electrophysiological and pharmacological properties, mainly on 
the level of membrane depolarisation required for their activation: high voltage-activated 
(HVA), which includes L-, N-, P/Q-, and R-types currents, and low voltage-activated (LVA) 
channels, T-type currents (Reuter, 1983; Nilius et al, 1985). The molecular structure of CaVs 
consists in a pore-forming subunit, an intracellular  subunit, a single transmembrane  
subunit and several membrane-spanning  domain (Catterall, 1995, Walker and De Waard, 
1998; Canti et al, 2003). CaVs can also be grouped in three subfamilies according to the genes 
encoding the domain: CaV1, CaV2 and CaV3. CaV1 conducts L-type currents and has 
four members (CaV1.1–CaV1.4); CaV2 conducting P/Q-type currents (CaV2.1), N-type 
currents (CaV2.2) and R-type currents (CaV2.3); and CaV3 conducting only T-type currents 
(CaV3.1-CaV3.3) (Catterall, 2000; Ertel et al, 2000; Burgess et al, 2001). 
In mammals, CaV channels activity has been identified in both spermatogenic cells 
and mature spermatozoa (Arnoult et al, 1996, 1999; Lievano et al, 1996; Wennemuth et al, 




detected on the midpiece of the sperm flagellum (Westenbroek and Babcock, 1999). Subunits 
of the three members of CaV3 channel (T-type currents) were localised in both midpiece and 
principal piece of flagellum and as well as the head (Trevino et al, 2004; Darszon et al, 2006). 
These findings led to the believe that CaVs were the main channels regulating Ca
2+
 signals in 
the mature sperm cell and that they would play a crucial key role in the acrosome reaction 
process (Florman et al, 1998; Darszon et al, 1999, 2006; Publicover and Barratt, 1999). 
However, a variety of studies showed that gene knockout had no effect on spermatogenesis or 
male infertility in mice: CaV1.3 (Platzer et al, 2000), CaV2.2 (Ino et al, 2001), CaV2.3 
(Saegusa et al, 2000; Sakata et al, 2002), CaV3.1 (Kim et al, 2001; Escoffier et al, 2007), 
CaV3.2 (Chen et al, 2003; Escoffier et al, 2007).  
 
1.3.1.3 Cyclic nucleotide-gated Ca
2+
 channels (CNG) 
 
 Cyclic nucleotide-gated Ca
2+
 (CNG) channel is part of a heterogenous superfamily of 
ion channels which consists of six membrane-spanning segments (S1–S6), a pore domain 
localised between S5 and S6 and a single cyclic nucleotide-binding site for 3′,5′-cyclic 
monophosphates (cNMPs) next to the COOH-terminal region of the protein (Kaupp, 1995; 
Kaupp and Seifert 2002; Brown et al, 2006). CNGs are nonselective channels that are 
activated by both cAMP and cGMP binding, are weakly voltage sensitive and mediate the 
influx of divalent cations, mainly Ca
2+
 (Brown et al, 2006; Mazzolini et al, 2010).  
  The first sperm ion channel cloned and described was a CNG channel from mouse 
testis (Weyand et al, 1994). In mammals, the CNG channels are classified in two subfamilies 
according to the genes enconded: CNGA and CNGB. Kaupp and Seifert (2002) demonstrated 




channels, CNG channels expression has also been reported in both spermatogenic cells and 
mature sperm (Weyand et al, 1994; Wiesner et al, 1998). CNGA3 and CNGB1 has been 
localised within the sperm flagellum by several studies (Wiesner et al, 1998; Kaupp and 
Seifert, 2002; Carlson et al, 2003), which suggested a role in the modulation of sperm 
motility. In marine invertebrates, cGMP signalling pathway has been shown to regulate Ca
2+
 
influx and CNGs play a role in sperm chemotaxis (Kaupp et al, 2003; Strünker et al, 2006; 
Darszon et al, 2008; Kaupp et al, 2008). However, Brenker and colleagues (2012) reported 
that cyclic nucleotides, in fact, does not increase [Ca
2+
]i in mouse and human spermatozoa 
and the activation of ion channels by ligand is actually due to its action on CatSper channels 
and not on CNGs. 
  
1.3.1.4 CatSper channels           
 
Between all types of Ca
2+ 
channels present on the sperm plasma membrane, only the 
sperm-specific channel CatSper has been shown to be critical for a successful fertilisation and 
for male fertility (Ren et al, 2001; Quill et al, 2003). Several studies have shown that sperm 
from mutant mice, which could not express CatSper proteins, failed to switch from 
progressive motility to hyperactivated motility and also failed to penetrate the zona pellucida 
of oocytes preventing fertilisation. However, those sperm were not immotile as they exhibited 
progressive motility and could undergo acrosome reaction (Ren et al, 2001; Quill et al, 2003; 
Jin et al, 2007; Qi et al, 2007). 
CatSper channels are constituted of multiple proteins. Proteins that compose the pore 
complex includes CatSper 1-4 proteins, containing six transmembrane segments, with a 
voltage-sensor S4 domain and a Ca
2+




Lobley et al, 2003; Qi et al, 2007; Navarro et al, 2008; Kirichok and Lishko, 2011). In 
addition to the subunits CatSper 1-4, CatSper is also associated with the auxiliary proteins 
CatSper , CatSper , and CatSper  (Liu et al, 2007; Wang et al, 2009; Chung et al, 2011; 
Lishko et al, 2012), which can regulate channel activity. CatSper proteins are strictly localised 
on the plasma membrane of the sperm principal piece of the flagellum (Ren et al, 2001; 
Carlson et al, 2005; Jin et al, 2007) (fig. 1.13). Recently, Chung and colleagues (2017) 
reported two more genes, Gm7068 and Tex40, which encode new accessory proteins in the 
CatSper channel complex: CatSper  and CatSper. These newly identified accessory proteins 
are believed to be relevant to hyperactivation and fertilising ability (Chung et al, 2017).  
 
 
Figure 1.13 Classic schematic representation of CatSper localisation and composition in 
human sperm. Catsper is localised in the principal piece of flagellum and is composed of 
four pore-forming subunits (CatSper 1-4 proteins) and auxiliary proteins CatSper , CatSper 






 CatSper are sensitive to increasing of intracellular pH, are voltage-dependent and can 
be stimulated by progesterone, prostaglandins and other ligands (Ren et al, 2001; Quill et al, 
2001; Kirichok et al, 2006; Navarro et al, 2008; Lishko et al, 2011; Strünker et al, 2011; 
Brenker et al, 2012). Together membrane potential, pHi, and progesterone work collectively 
to regulate Ca
2+
 influx into spermatozoa, a process that is critical for proper sperm function 
and successful fertilisation  (Ren et al, 2001; Quill et al, 2003; Carlson et al, 2003, 2005; Qi et 
al, 2007; Xia et al, 2007). CatSper channels are the primary source of Ca
2+
 flux into the 
cytosol necessary for sperm to ascend beyond the oviductal reservoir (Ho et al, 2009), for 
hyperactivation (Kirichok et al, 2006) and are required for sperm penetration in the zona 
pellucida surrounded the oocyte (Ren et al, 2001; Quill et al, 2003). 
The [Ca
2+
]i changes promoted by CaSper activation are not limited to the initial region 
in the principal piece of the flagellum but propagates through the sperm midpiece and head 
within a few seconds. The suggested model is that Ca
2+
 from the flagellum diffuses forward, 
raising [Ca
2+















Figure 1.14 Model for [Ca
2+
]i change propagation triggered by activation of CatSper. 












 release (CICR) (modified from Correia et al, 2015). 
 
 
1.3.1.5 Mobilisation of Ca
2+
 from intracellular stores 
 
As sperm cells do not have an endoplasmic reticulum (ER), which is the main Ca
2+
 
storage organelle in somatic cells, other membranous structures may act as releasable Ca
2+
 
stores, such as the acrosome (surrounding the anterior nucleus), mitochondria (in the 
midpiece) and some irregular membranous structures (in the neck), also called redundant 
nuclear envelope (RNE) (Costello et al, 2009, Correia et al, 2015). Inositol trisphosphate 
receptors (IP3Rs), ryanodine receptors (RyRs) and Ca
2+
-ATPases have been localised on the 
acrosome and the mid-piece of human sperm cells (Ho and Suarez, 2001, 2003; Naaby-






release from the stores and, therefore, for the regulation of several physiological process 
on the spermatozoa (fig. 1.15). 
 
Inositol trisphosphate receptors (IP3Rs):  are activated by the second messenger inositol 
1,4,5-trisphosphate (IP3), which is the product of the phosphatidylinositol-4,5-bisphosphate 
(PIP2) hydrolysis. The opening of these channels, by the binding of IP3 in the site located N-
terminus, releases Ca
2+
 from the stores into the cytoplasm (Bezprozvanny et al, 1991; Seo et 
al, 2012). IP3Rs have been reported in sperm cells of a variety of mammals and are localised 
in the acrosomal vesicle and also in redundant nuclear envelope (RNE), suggesting their 
involvement with the acrosome reaction (Dragileva et al, 1999; Kuroda et al, 1999; Naaby-
Hansen et al, 2001; Ho and Suarez, 2001; 2003; Jimenez-Gonzalez et al, 2006).   
 
Ryanodine receptors (RyRs): are activated by the second messengers cyclic adenosine 
diphosphate ribose (cADPR) and nicotinic acid-adenine dinucleotide phosphate (NAADP) 
(Billington et al, 2006; Jimenez-Gonzalez et al, 2006; Ogunbayo et al, 2011), which are both 
products of the action of ADP-ribosyl cyclase enzymes, such as CD38 (Cosker et al, 2010). 
Activation of RyRs can also occur by the increase of Ca
2+





 release (CICR) mechanisms (Bedu-Addo, 2008; Darszon et al, 
2011). RyRs isoforms have been detected in mammalian spermatogenic cells, as well as in 
mature spermatozoa (Giannini et al, 1995; Treviño et al, 1998). So far, RyRs have been 
localised in the acrosome-intact and acrosome-reacted sperm cell, in the posterior head/neck 







 channels (SOCs): are activated in response of an initial release of Ca
2+
 
from stores, leading to an influx of extracellular Ca
2+
 via plasma membrane (Putney, 1986). 
This process is important to keep a sustained Ca
2+
 signal in the cytoplasm and also to provide 
Ca
2+
 in order to refill the stores (Jimenez-Gonzalez et al, 2006; Correia et al, 2015). The 
proteins involved in the SOCs mechanism are still being elucidated; so far it has been 
reported the participation of STIM1 (stromal interaction molecule), which acts as a Ca
2+
 store 
sensor to detect the luminal Ca
2+
 concentration. In a Ca
2+ 
depletion situation, STIM1 changes 
its conformation leading to the consequently activation of Orai, which forms a Ca
2+
-
permeable membrane channel (Strange et al, 2007; Wang et al, 2008; Lefievre et al, 2012). 
SOCs constitution may also involve TRPC channel members that could interact with STIM1 
and Orai complex (Abramowitz and Birnbaumer, 2009; Cahalan, 2009; Kim et al, 2009; Feng 
et al, 2010). In sperm cells, these proteins (STIM1, Orai and TRPC) have all been detected 
and are localised predominantly on the neck and the acrosome region (Castellano et al, 2003; 
Darszon et al, 2012; Lefievre et al, 2012). SOCs are being believed to play a role in the 
acrosome reaction: IP3 generation mobilises Ca
2+ 
from intracellular stores, mainly acrosome, 
promoting an increase in [Ca
2+
]i and a subsequent activation of SOC mechanism. Sustained 
Ca
2+
 influx then results in the acrosome reaction (Florman, 1994; O’Toole et al, 2000; 




-ATPases: in order to maintain the resting Ca
2+
intracellular level and to promote the 
refilling of the Ca
2+
 stores, the cell exhibits a variety of Ca
2+ 
pumps driven by the hydrolysis 
of ATP and also Ca
2+
 exchangers (co-transporters). In sperm cells, the Ca
2+ 
pumps consist of 
plasma membrane calcium ATPase (PMCA), sarcoplasmic-endoplasmic reticulum Ca
2+
 
ATPase (SERCA) and the secretory pathway Ca
2+




2006; Bedu-Addo, 2008; Michelangeli and East, 2011). PMCAs have been detected in the 
head of sea urchin sperm cells (Gunaratne and Vacquier, 2005) and may regulate acrosome 
reaction in invertebrates. However, in mammalian sperm cells, these pumps are located 
exclusively in the principal piece of the flagellum and are associated with the modulation of 
motility, hyperactivation and male fertility. PMCA4 knockout mice are infertile and show 
impaired motility (Okunade et al, 2004; Schuh et al, 2004; Jimenez-Gonzalez et al, 2006). 
SERCA was identified in the acrosome and mid piece of several mammalian spermatozoa, 
including human, suggesting that they contribute with the Ca
2+
 homeostasis after mobilisation 
from the stores (Rossato et al, 2001; Lawson et al, 2007). SPCAs, specifically the isoform 
SPCA1, have been detected restricted to the posterior head and midpiece region in human 
spermatozoa and in the midpiece (on the single mitochondrion) in sea urchins sperm cells 
(Wootton et al, 2004; Harper et al, 2005; Harper and Publicover, 2005; Gunaratne and 
Vacquier, 2005). SPCA may also interact with Orai Ca
2+ 
channel, suggesting its role on the 
refilling of Ca
2+






Figure 1.15 Schematic diagram of Ca
2+ 
signalling components involved on mobilisation 
of Ca
2+
 from intracellular stores. Mobilisation from acrosome is mainly due to activation of 
IP3Rs by the binding of IP3, product of PIP2 hydrolysis on the plasma membrane. On the 
other hand, mobilisation from the RNE involves opening of both IP3Rs and RyRs. Release of 
Ca
2+ 
from stores, promotes the activation of SOCs responsible for the sustained [Ca
2+
]i 
increase. This mechanism involves STIM and possibly Orai and TRPC channels. The refilling 
of stores is mediated mainly by SERCA channels (in the acrosome) and SPCA1 in the RNE. 
PMCAs, in the plasma membrane, contribute to keep Ca
2+
 homeostasis (image modified from 
Darszon et al, 2011). 
 
 1.3.2 Potassium (K
+
) channels (Slo3) 
 Potassium (K
+
) channels are membrane proteins that mediate the flow of K
+ 
ions, 






 channels are classified in four groups according to its activation or conductive 
characteristics: voltage-gated K
+
 channels (sensitive to changes on Vm), ion-activated K
+
 
channels (sensitive to Ca
2+
 and others second messengers), inwardly rectifying K
+
 channels 
(allows current more easily in the inward direction), and tandem pore domain K
+
 channels 
(constitutively opened or with high basal activation) (Hodgkin and Keynes 1955; Doyle et al, 
1998; Coetzee et al, 1999; Hibino et al, 2010; Kim and Nimigean, 2016). Several studies have 
demonstrated the occurrence of several types of K
+
 channels in both spermatogenic cells and 
spermatozoa (Wu et al, 1998; Felix et al, 2002; Navarro et al, 2007; Martinez-Lopez et al, 
2009; Santi et al, 2010). However, the only K
+
 current that was shown to be expressed in 
sperm, potentially setting resting membrane potential is a pH-sensitive K
+
 current, originally 
named IKSper (Navarro et al, 2007) and now identified to be carried by an exclusive sperm-
specific K
+
 channel, the Slo3 (Santi et al, 2010; Zeng et al, 2011). Slo3 molecular structure 
consists in seven transmembrane helices (S0–S6), that function as a voltage sensor, and a 
large cytoplasmic C-terminal domain that forms a structure called “gating ring”, which is 
involved in the pH-sensitivity of Slo3 (Xia et al, 2004; Leonetti et al, 2012) (fig. 1.16). 
 
 
Figure 1.16 Molecular architecture of sperm Slo3 channel. Predicted membrane topology 
of Slo3 channel exhibiting seven transmembrane helices (S0–S6) and a large intracellular C-
terminal domain, probably associated to its pH sensitiveness (image reproduced from 





 Similarly to CatSper channels, Slo3 channels are voltage-gated, activated by 
intracellular alkalinisation and are localised in the principal piece of the sperm flagellum 
(Navarro et al, 2007). Recently, Brenker and co-workers (2014) showed that Slo3, in human 
sperm, can also be activated by Ca
2+
, suggesting a potential interplay between this channel 
and CatSper: during progesterone response, CatSper opens leading to an increase in [Ca
2+
]i, 
which can activate Slo3. It has been demonstrated that Slo3 are important to sperm 
physiology and critical steps of the fertilisation, such as sperm osmoregulation, acrosomal 






 The anion chloride (Cl
−
) can be transported through a variety of systems across the 
biological membranes, including Cl
−
 channels and specialised Cl
−
 carriers (Jentsch et al, 
2005; Nilius and Droogmans, 2003). The Cl
−
 channels are identified in four different families 
according to structure: CLC channels, CFTR channels, -aminobutyric (GABA)-gated and 




 channels (CaCC). The 
Cl
−




 exchangers and electroneutral cation-chloride 
cotransporters. Cl
−
 transporters in sperm cells was described by Hogg et al (1994) and 
Espinosa et al (1998), who showed the presence of an anion channel in epididymal mouse 




 channels (CaCC). Later, the occurrence of 
CaCCs was also reported in human spermatozoa (Orta et al, 2012). CLC channel, more 
specifically CLCN3, was observed in the sperm flagellum (Yeung et al, 2005). CFTRs have 




2006; Hernandez-Gonzalez et al, 2007; Li et al, 2010; Xu et al, 2007). The contribution of Cl
−
 
transporters has been described in sperm physiology, capacitation process, motility and also 
during the acrosome reaction. In sperm cells, Cl
−
 is shown to be important to the cell volume 
modulation and osmotic stress protection (Furst et al, 2002; Yeung et al, 2005; Cooper and 
Yeung, 2007). Several studies reported that the intracellular concentration of Cl
− 
increases 
during capacitation (Meizel and Turner, 1996; Hernandez-Gonzalez et al, 2007), suggesting 
the participation of Cl
−
 transporters. Capacitation and most of its associated processes, such as 
increase in tyrosine phosphorylation, in cAMP levels, hyperactivated motility and acrosome 
reaction, are inhibited when mouse or human spermatozoa are incubated in media with Cl
−
 
concentrations lowered or absent (Hernandez-Gonzalez et al, 2007; Wertheimer et al, 2008; 
Chen et al, 2009; Orta et al, 2012; Figueiras-Fierro et al, 2013). Additionally, CFTR 
mutations have been associated with male infertility in patients (Popli and Stewart, 2007). 
 
1.3.4 Voltage-gated proton channel (Hv1) 
 
Voltage-gated proton channels (Hv) are membrane proteins that selectively mediate 
the flow of protons (H
+
) across cell membranes and regulate intracellular alkalinisation. 
Critical steps of fertilisation appear to be modulated by intracellular [H
+
] signalling, such as 
sperm capacitation, initiation of motility, hyperactivation, chemotaxis and also the acrosome 
reaction. Human sperm cells exhibit a large voltage-gated H
+
 current and expression of Hv1 
proteins in the flagellum, which suggests a major role for these channels in regulation of pHi 
(Lishko et al, 2010). Hv1 is constituted by four transmembrane domains and functions as a 






 channel (Koch et al, 2008; Lee et al, 2008; Tombola et al, 2008). 
Furthermore, Hv1 is activated by membrane depolarisation and shows slow kinetics of 
activation and deactivation, conducting outward rectified current (Ramsey et al, 2006; Sasaki 
et al, 2006; DeCoursey, 2010). Since Hv1 channels are located in the principal piece of the 
spermatozoa flagellum colocalised with CatSper channels, which are sensitive to 
alkalinisation, it has been suggested that participates in the regulation of sperm motility due to 
its possible indirect action on CatSper (Lishko et al, 2010). As Hv1 currents are not detected 
in mouse (Lishko et al, 2010), it has not been possible to study the fertility levels on null 
mutants. 
 

















 signalling is crucial for most fertilisation steps in human spermatozoa, especially for the 
swimming behaviour and flagellar beat pattern. The aim of this thesis was to further 
characterise the Ca
2+
 responses generated by progesterone, eliciting whether and how they 
contribute to sperm behaviour in human spermatozoa and sperm penetration ability into 
viscous medium. To address our research aims, we propose the following specific aims: 
(1) What are the Ca
2+
 responses promoted by progesterone in human sperm population? What 
are the characteristics of progesterone-induced [Ca
2+
]i oscillations in human spermatozoa? 
Does membrane potential (Vm) regulate progesterone-induced [Ca
2+
]i oscillations generation? 
– chapter 3. 
(2) Is RU1968, originally described as a sigma ligand, a potent pharmacological tool to 
investigate Ca
2+
 CatSper channel activity? Does RU1968 inhibit the CatSper-dependent 
[Ca
2+
]i increase induced by progesterone? – chapter 4. 
(3) What is the molecular mechanism involved on the generation of progesterone-induced 
[Ca
2+
]i oscillations? – chapter 5.  
(4) Does SKF-96365, a classic SOCE inhibitor, modulate [Ca
2+
]i oscillations generation? – 
chapter 6. 
(5) Are progesterone-induced [Ca
2+
]i oscillations associated with switching of sperm 
behaviour and sperm ability to penetrate viscous medium? Does CatSper channels activity 








Progesterone [4-pregnene-3, 20-dione], valinomycin, niflumic acid, CFTR(inh-172), 
quinidine, salts for the preparation of supplemented  Earle’s balanced salt solution (sEBSS) 
and Cl
-
 free medium, methylcellulose, dimethylsulphoxide (DMSO), ethylene glycol-bis(β-
aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) and HEPES were all obtained from 
Sigma-Aldrich, Poole, UK; Fluo4-AM and Pluronic F-127 (20% dilution DMSO) from 
Invitrogen - Molecular Probes, Cambridge Bioscience, UK; pH buffer tablets of pH 9.2 and 4 
for calibrating the pH meter were from Fisher scientific, UK. Poly-D-lysine from BD – 
Biosciences, Bedford, UK; bovine serum albumin (BSA) from United States Biological, 
Swampscott, USA; SKF 96365 from Calbiochem, San Diego, USA; CristaSeal wax from 
Hawksley, Oxford, UK; and RU1968-F1 courtesy from Timo Strunker’s lab team. 
 
2.2 Media preparation 
 
The standard medium used in the experiments was supplemented Earle’s balanced salt 
solution (sEBSS). sEBSS consists in NaCl (116.4 mM), KCl (5.4 mM), CaCl2 (1.8 mM), 
MgCl2 (1 mM), glucose (5.5 mM), NaHCO3 (25 mM), Na pyruvate (2.5 mM), Na lactate (19 
mM), MgSO4 (0.81 mM), HEPES (15 mM) and 0.3% bovine serum albumin (BSA). The pH 
was adjusted to 7.4 and osmolarity to 285 – 295 mOsm. 
A high 100 mM K
+
 medium was prepared as a modified sEBSS, where concentration 




proportion: from 116.4 mM to 21.8 mM in order to keep the osmolarity at 285 – 295 mOsm. 
The same principle was used to prepare 25 mM K
+
 medium (25 mM KCl and 96.8 NaCl). To 
prepare a nominally Cl
-
 free medium, NaCl and KCl were replaced by sodium gluconate 
(NaC6H11O7) and potassium gluconate (C6H11KO7), respectively. To prepare a nominally Ca
2+
 
free medium, CaCl2 (1.8 mM) was omitted from the sEBSS recipe and replaced by NaCl. 
 
2.3 Donor recruitment 
 
Semen samples were provided by healthy research donors in accordance with the 
Human Fertilisation and Embryology Authority Code of Practice (University of Birmingham 
Life and Health Sciences ERC-07-009 and ERN-12-0570). Donors gave informed consent 
and samples were analysed according to criteria set by the World Health Organisation 
guidelines (Cooper et al, 2010). Different donors were used in the triplicates of each 
experiment. 
 
2.4 Preparation and capacitation of spermatozoa 
 
 Semen was provided by masturbation after 2–3 days of sexual abstinence. The sample 
was kept in incubator (36 °C, 5.5% CO2) for 30 minutes to liquefy and then prepared by 
swim-up. 200 μL aliquots of semen were gently layered beneath 1 ml of sEBSS 
(supplemented Earle’s balanced salt solution) + 0.3% BSA. Tubes were incubated for 1 hour 
(36 °C, 5.5% CO2) at an angle of 45° - to create maximum surface area for cells to swim up 
(fig. 2.1). The upper 0.7 ml containing the motile spermatozoa portion was collected and the 




eclipse TS 100 microscope. The cell concentration was adjusted to 3 x 10
6
 in aliquots of 100 




Figure 2.1 Schematic representation of the swim-up technique. 200 μL aliquots of semen 
is added in 1 mL of sEBSS (supplemented Earle’s balanced salt solution) + 0.3% BSA 
(bovine serum albumin) and then incubated (36 °C, 5.5% CO2) at an angle of 45◦ for 60 
minutes in order to separate the motile sperm portion from the fluid components and debris. 
 
 
2.5 Single-cell imaging of [Ca
2+
]i in immobilised sperm 
 
 Cell concentration was adjusted to 1.5 x 10
6
 in aliquots of 200 μL and incubated with 
5 μM of fluo4-AM for 30 minutes (36 °C, 5.5% CO2). Cells were then transferred to an 
imaging chamber, the base of which was a coverslip coated with 0.001% poly-D-lysine and 
incubated for an additional 5 minutes to allow cells to settle. The chamber was installed on the 
stage of an inverted fluorescence microscope (Nikon TE300) connected to the perfusion 
apparatus and perfused with fresh medium to remove unattached cells and excess dye. All 
experiments were performed at 25 °C in a continuous flow of sEBSS, with a perfusion rate of 
0.6 ml/minute. Time-lapse fluorescence imaging was performed with an Andor Ixon 897E 




Fluorescence excitation was at 485 nm and emission at 520 nm. Images were obtained at 0.2, 
or 2.5 Hz using a 40x or a 60x oil objective. An initial control period was recorded (at least 3 
minutes) with sEBSS only before application of any stimuli. 
 Analysis of images and background correction was processed using iQ3 software. 
Regions of interest (ROI) were drawn typically around the head and neck of each sperm cell 
(or in three different regions of the sperm cell, head, neck and flagellum, when stated) and the 
average intensity was obtained for each and plotted against time (fig. 2.2). 
 
 
Figure 2.2 Screenshot of iQ3 software showing the regions of interest (ROI). The entire 
head and neck of each sperm cell (yellow circles) was considered for fluorescence analysis.  
 
After background correction, raw intensity values were imported into Microsoft Excel 




R = [(F − Fbasal) / Fbasal] × 100% 
R = normalised fluorescence intensity 
F = fluorescence intensity at time t  








]i oscillations induced by progesterone stimulation were analysed for their 
amplitude and frequency. In each cell the amplitude of oscillations was normalised to the 
amplitude of the initial progesterone-induced transient (considered as 100%). Oscillation 
amplitude was calculated as the difference between the highest point at the peak (‘a’ in fig 
2.3) and the mean of the points preceding the signal rise (‘b’ in fig 2.3). [Ca
2+
]i ‘ripples’ with 
amplitude > 20% of the initial transient peak amplitude were not considered oscillations. The 
frequency of [Ca
2+
]i oscillations was assessed by dividing the number of [Ca
2+
]i oscillation 
cycles by the period of measurement (fig. 2.3).  
 
Figure 2.3 Calculation of [Ca
2+
]i oscillations amplitude and frequency. Initial transient 
peak was considered as 100% and [Ca
2+
]i oscillations amplitude was calculated subtracting 
the peak from points preceding the signal rise. The frequency of [Ca
2+
]i oscillations is the 
ratio of number of [Ca
2+




 2.7 Fluorescent free-swimming cell tracking  
 
After capacitation cell concentration was adjusted to 1.0 x 10
6
 in aliquots of 100 μL, 
labelled with Ca
2+
 probe fluo4-AM (5 μM) for 30 minutes (36 °C, 5.5% CO2). Cells were then 
centrifuged (700 rcf 10 minutes; Eppendorf 5417R) and resuspended twice in order to remove 
excess dye. Free swimming cells were then transferred into Hamilton-Thorn 2X-Cel chambers 
(20 µm depth) (Dual Sided Sperm Analysis Chamber, Hamilton Thorn Biosciences, Beverly, 
MA, USA) that were pre-warmed at 36°C. The chamber was then attached to the platform of 
a thermostatic controller (Warner TC-324B), adjusted to 25°C or 36.5°C, mounted on the 
stage of a Nikon eclipse TE300 inverted fluorescence microscope. Time-lapse fluorescence 
imaging (excitation 485 nm; emission 520 nm) was performed at 2.5 or 10 Hz using a 10x 
objective and a cooled Andor Ixon 897E EMCCD camera controlled by Andor iQ3 software 
(Andor Technology, Belfast, UK). For each recording a sperm cell was randomly selected and 
manually followed for at least 5 minutes by re-centring the cell when it approached the edge 
of the field of view. Images were analysed and processed uin MetaMorph® NX Microscopy 
Automation & Image Analysis Software (version 2.0 Molecular Devices 2011), using the 
Multi Dimensional Motion Analysis (MDMA) application module to track the position of the 
sperm head. Additional analysis on sperm tracks (calculation of fractal dimension and 
kinematic variables) was performed by Dr. Hector A. Guidobaldi (Universidad Nacional de 







2.8 Penetration of Artificial Viscous Medium (Kremer’s assay) 
 
 An in vitro physiological assay was developed to assess the sperm penetration ability 
and therefore its fertilising capacity (Kremer, 1965). An artificial viscous medium of 
methylcellulose (1%, w/v, 4000 cp) was prepared in sEBSS + 0.3% BSA and left overnight at 
4 °C with mild shaking to guarantee solubilisation. When drugs were to be included in the 
methylcellulose column they were added at this stage. The viscous medium was then 
introduced into 5 cm long flattened glass capillary tubes (dimensions: 1.2 x 4.8-mm and 0.4-
mm inner depth; CM scientific - UK), being careful to avoid inclusion of air bubbles, and one 
end of the tube was sealed with CristaSeal wax (Hawksley – UK). 100 μL aliquots of 
capacitated sperm cells at a concentration of 3 x 10
6
 / ml were placed in a sperm reservoir 
where they could be treated with agonists and inhibitors. After ten minutes of treatment, the 
open end of the capillary tube was then inserted into the sample and incubated (36 °C, 5.5% 
CO2) for one hour. Using phase contrast microscopy (final magnification x200), the number 
of spermatozoa was counted at 0 (just inside the methylcellulose), 1, 2, 3 and 4 cm from the 
base of the tube. Under the microscope, three fields of view were selected and in each field, 








Figure 2.4 Schematic representation of the Kremer’s assay. An aliquot of sperm cells (3 x 
10
6
 / mL) was kept in a reservoir in contact with the open extremity of the capillary tubes 
filled with artificial viscous medium of methylcellulose (1%, w/v) prepared in sEBSS + 0.3% 
of BSA. Samples were incubated (36 °C, 5.5% CO2) for one hour and the number of 
spermatozoa penetrated at 0, 1, 2, 3 and 4 cm was evaluated under phase contrast microscopy. 
 
 
Two different types of penetration experiment were performed: the ‘classical’ design 
where cells were exposed to drugs in the sperm reservoir (1) or a specific design when one 
drug was added to the saline with cells and other was included in the viscous medium inside 






Figure 2.5 Schematic representation of different designs performed in Kremer’s assay. 
First design: both drugs (RU1968F1 and progesterone) were added to sperm reservoir. Second 
design: progesterone was added to sperm reservoir and RU1968F1 was added to the viscous 
medium inside the capillary tubes. 
 
 
2.9 Computer-assisted sperm analysis (CASA) 
 
To assess motility of sperm in methylcellulose, the rectangular section capillary tubes 
from the Kremer’s assay were placed on a heated stage (37
o
C) of an Olympus CX41 
microscope connected to a Hamilton Thorn CEROS CASA system (HTM-CEROS; Hamilton 
Thorne, Inc. Beverly, MA, USA). Motility of cells at various penetration distances, on 3 
different planes of focus, were analysed under a 10x negative phase contrast objective (final 
magnification of ×100). 30 images were recorded at a frame rate of 60 Hz. Kinematics 
parameters evaluated were: Track Speed/curvilinear velocity (VCL - μm/s), Amplitude of 
Lateral Head Displacement (ALH – μm), Beat Cross Frequency (BCF – Hz), Linearity (LIN - 
%) and Hyperactivation. Hyperactivation was identified using the standard criteria of: VCL ≥ 








Following capacitation (section 2.4), cell concentration was adjusted to 5 x 10
6
 / ml 
and labelled with Ca
2+
 probe fluo4-AM (5 μM) for 30 minutes (36 °C, 5.5 % CO2). The cells 
were then centrifuged (Eppendorf 5417R) twice for 10 minutes in 700 rcf in order to remove 
excess of the dye and re-suspended in fresh medium. Supernatant of the last washing process 
was used for background subtraction from experimental values. Sperm cells were transferred 
to 96-wells plate and fluo4 fluorescence was measured over time using a fluorometer 
(FluoStar Omega BMG Labtech, Offenburg, Germany) at 492 nm excitation and 520 nm 
emission and temperature of 30 °C. Changes in [Ca
2+
]i was acquired using top optics, 
measured in parallel in multiple wells, 20% photomultiplier gain and 5s cycle time. 
 
2.11 Whole-cell patch clamping 
 
Whole-cell patch clamping experiments were performed in collaboration with Dr. 
Sean Brown, University of Abertay Dundee – Scotland. The current clamp protocol used can 
be found in Mansell et al (2014) as described: “The electrophysiological properties of 
individual spermatozoa were investigated using the whole cell recording technique (Hamill et 
al, 1981; Kirichok et al, 2006; Lishko et al, 2011). The recording pipettes (10–18 M) were 
fabricated from borosilicate glass and filled with standard pipette solution. Gigaohm seals 
were obtained by bringing the pipette tip into gentle contact with the cytoplasmic droplet, 
which lies just behind the sperm head, and the patch of membrane spanning the pipette tip 
then ruptured by applying suction in conjunction with 1 ms voltage pulses (see Lishko et al, 










 gradients and Vm. Resting Vm was measured directly by monitoring (5 KHz 
acquisiton, data low pass filtered at 3 KHz) the zero current potential (see Hamill et al, 
1981).”  
 
2.12 Statistical analysis 
 
The data were analysed using Microsoft Excel or GraphPad Prism5 performing paired 
or unpaired t tests, one way ANOVA followed by Tukey's test or two-way ANOVA followed 
by Bonferroni’s post-hoc, as appropriate. Results were expressed as mean + standard error of 
the mean (SEM) or mean + standard deviation (SD), when indicated. Results were considered 
significant when ***p ≤ 0.001, **p ≤ 0.01 and *p ≤ 0.05. All experiments were performed at 


























 influx into spermatozoa, which is crucial for regulation of 
sperm motility. [Ca
2+
]i oscillations may underlie ‘switching’ of sperm behaviour in human 
spermatozoa, which is believed to be important for sperm progression in the female tract. I 
have investigated the contribution of membrane potential (Vm) to [Ca
2+
]i oscillations induced 
by progesterone. Manipulation of Vm was performed using the K
+
 ionophore valinomycin 
(VLN-1 M), alone or with high K
+
 media (25 mM and 100 mM) and confirmed by whole-
cell patch clamping. [Ca
2+
]i signalling was assessed by loading sperm cells with the Ca
2+
-
indicator fluo-4-AM and stimulating them with 3 M progesterone. Approximately 25% of 
cells exhibited [Ca
2+
]i oscillations after progesterone stimulation, independently of the level of 
sperm capacitation. [Ca
2+





first in the flagellum, consistent with activation of CatSper, then spread actively to the head, 
apparently triggering Ca
2+
 store release. ‘Clamping’ of Vm at -79 mV (with VLN only) 
abolished progesterone-induced [Ca
2+
]i  oscillations, but basal [Ca
2+
]i activity was still 
observed. [Ca
2+
]i oscillations were completely recovered upon VLN washout. ‘Clamping’ of 
Vm at -38 mV (with VLN/25 mM K
+
) was less effective in reducing progesterone-induced 
[Ca
2+





]i  oscillations was more resistant and recovery 




to generation of progesterone-induced [Ca
2+
]i oscillations, probably by regulating CatSper 



























The steroid female hormone progesterone (P4; fig 3.1) is released by cumulus cells 
surrounding the ovulated egg and may be involved in the stimulation of several sperm 
functions, such as hyperactivated motility, sperm chemotaxis towards the egg, acrosome 
reaction, binding to oocyte zona pellucida and, finally, penetration (Roldan et al, 1994; Harper 
et al, 2004; Eisenbach and Giojalas, 2006; Publicover et al, 2007; Qi et al, 2007; Xia et al, 
2007). Progesterone regulates Ca
2+
 influx into spermatozoa, mostly by activation of CatSper 
channels (the primary route for Ca
2+
 entry into sperm cells) which are also sensitive to 
increasing of intracellular pH, changes in membrane potential (Vm) and other ligands (Ren et 
al, 2001; Quill et al, 2001; Kirichok et al, 2006; Navarro et al, 2008; Brenker et al, 2012). 
 Sperm cells stimulated with progesterone in different concentrations respond with 
complex alterations in [Ca
2+
]i and flagellar movement. Typically, progesterone induces a 
rapid, biphasic and dose-dependent Ca
2+
 entry into human spermatozoa. The biphasic 
response consists in a first transient peak followed by a long-lasting plateau and sustained 
phase (Blackmore et al, 1990; Kirkman-Brown et al, 2000). Interestingly, later studies have 
reported that, in a sub-population of sperm, progesterone can also induce [Ca
2+
]i oscillations 
after the first transient peak instead of a stable plateau phase (Kirkman-Brown et al, 2004; 
Aitken and McLaughlin, 2007). The functional significance of changes in [Ca
2+
]i is not yet 
clear but it appears that they may play a role in the regulation of sperm motility and underlie 
‘switching’ of sperm behaviour in human spermatozoa, which is believed to be important for 
sperm progression in the female tract (Jaiswal et al, 1999; Harper and Publicover, 2005). 




The characteristics of [Ca
2+
]i oscillations in most somatic cells are compatible with a 
cyclical emptying/refilling of intracellular Ca
2+
 stores, mediated by generation of second 
messengers such as IP3 (Berridge, 1993). Initial studies on [Ca
2+
]i oscillations in human sperm  
indicate that Ca
2+
 store mobilisation is involved but also suggest a strong dependence on 
extracellular Ca
2+
 (Harper et al, 2004). One possibility is that Ca
2+
 influx triggers secondary 
release of stored Ca
2+
 (Correia et al, 2015). In particular, since CatSper is voltage-sensitive, 
periodic depolarisation of Vm could lead to cyclical activation of Ca
2+
- influx via CatSper 
and, consequently, generate [Ca
2+
]i oscillations, as has been observed in other cell types 
(Lieste et al, 1998; Mizutani et al, 2014).  
 
 
Figure 3.1 Progesterone chemical structure depiction. Progesterone is composed of 
C21H30O2 arranged as a four fused rings, with molecular weight of 314.469 g/mol (image 









The aims of this chapter were to characterise the Ca
2+
 responses induced by 
progesterone in human spermatozoa and to investigate the contribution of membrane potential 
(Vm) to progesterone-induced [Ca
2+




















3.3.1 Progesterone induces [Ca
2+
]i oscillations in human spermatozoa 
Previous studies have been reported that progesterone can induce [Ca
2+
]i oscillations 
after the transient phase in a subpopulation of human spermatozoa (Kirkman-Brown et al, 
2004; Aitken and McLaughlin, 2007). I investigated the Ca
2+
 response profiles induced by 
progesterone, using single cell imaging technique. As previously reported in several studies 
sperm cells stimulated with progesterone exhibit a biphasic Ca
2+
 response (fig. 3.2). 
Immediately after progesterone addition, a high transient peak occurs with approximately 
200% fluorescence intensity increase when compared to control period. The transient phase 




Figure 3.2 Typical biphasic (transient + sustained phase) Ca
2+
 response induced by 
progesterone in human spermatozoa. First arrow represents the moment of progesterone 
addition while the second arrow shows the progesterone removal. Pictures show the Ca
2+
 
intensity in a single human spermatozoon over the course of time. The histogram is an 
average of the Ca
2+




However, when individual cells were analysed a stable sustained phase following the 
initial transient peak was not observed in all cells. Instead, in some cells [Ca
2+
]i oscillations 
was observed and exhibited ‘rapid’ [Ca
2+
]i spikes with kinetics similar to the initial 
progesterone [Ca
2+
]i transient response (fig. 3.3). Although amplitude, frequency and duration 
of the [Ca
2+
]i oscillations was very variable between the ‘oscillating’ cells. Therefore, I 
established that a [Ca
2+
]i oscillation shows at least 20% of the initial transient peak amplitude 
and lasts less than 2 minutes per cycle. Moreover, basal [Ca
2+
]i activity with slower kinetics 
and lower amplitude was also observed, which has been already previously reported in human 
spermatozoa (Sanchez-Cardenas et al, 2014; Kelly et al, 2018; Mata-Martinez et al, 2018).  
 
 
Figure 3.3 Progesterone induces [Ca
2+
]i oscillations in populations of human 
spermatozoa: ‘rapid’ transients with high amplitude. Dark grey shading shows 
progesterone-induced [Ca
2+
]i oscillations while light grey shading shows basal Ca
2+
 activity, 
red arrows show addition and removal of 3 M progesterone. Graphs are representative 




3.3.2 Level of capacitation and [Ca
2+
]i oscillations induced by progesterone 
Human sperm cells reach maximum level of tyrosine phosphorylation, which is a 
well-established marker of capacitation, over 3-4 hours incubation in sEBSS (O’Flaherty et al, 
2004; Bedu-Addo et al, 2005; Moseley et al, 2005). And different levels of capacitation may 
affect the proportion of ‘oscillating’ cells (Kirkman-Brown et al, 2004). I investigated the 
percentage of cells that exhibit different Ca
2+
 responses according to the duration of sperm 
capacitation by incubating in non-capacitating medium for 4 hours or under capacitating 
conditions for 4 hours or 7 hours. The proportion of cells exhibiting [Ca
2+
]i oscillations after 
progesterone stimulation was approximately 25% in non-capacitated cells and the ones 





 profiles in human spermatozoa populations are not different in non-
capacitated cells or after 4 hours and 7 hours of capacitation. Graph represents the 
percentage of cells that exhibits different Ca
2+
 responses after progesterone stimulation 
according to the duration of sperm capacitation. Treatment groups with the same letters were 
not significantly different according to two-way ANOVA followed by Bonferroni’s post-hoc 





 I also analysed the characteristics of the progesterone-induced [Ca
2+
]i oscillations 
generated when cells were capacitated or not (fig 3.5A). The amplitude of [Ca
2+
]i oscillations 
did not change between the populations incubated under the three capacitating conditions, 
approximately 45%  fluorescence when compared to the initial transient peak (fig 3.4C). 
However, whereas in cells capacitated for 4 or 7 hours the frequency of [Ca
2+
]i oscillations 
was similar (0.26 + 0.2 cpm; p<0.05; (fig 3.4B), in non-capacitated cells oscillations occurred 
at a slower rate (0.21 + 0.01 cpm; n=400 [Ca
2+
]i oscillations from 70 cells; p<0.05; (fig 3.5B). 
Therefore, subsequent experiments were performed with sperm cells incubated in capacitating 
media for at least 4 hours. 
 
 
Figure 3.5 Degree of capacitation affects the frequency of [Ca
2+
]i oscillations but not 
amplitude in human spermatozoa populations. (A) Graph is representative ‘oscillating’ 
cell traces generated from single cell images on non-capacitated (black), after 4 hours of 
capacitation (red) and 7 hours of capacitation (blue) populations of spermatozoa. Arrow 





Figure 3.5 Capacitation affects the frequency of [Ca
2+
]i oscillations but not amplitude in 
human spermatozoa populations. (B) Graph shows the frequency of [Ca
2+
]i oscillations 
occurrence per minute in the ‘oscillating’ population and bars show mean + SEM of 3 
experiments. (C) Graph shows the amplitude of [Ca
2+
]i oscillations in sperm population under 
the 3 capacitating conditions. Amplitude was calculated using the mean response of each 
[Ca
2+
]i oscillation considering the initial transient peak as 100% and bars show mean + SEM 
of  experiments. A [Ca
2+
]i oscillation was considered when reached at least 20% of the initial 
transient peak amplitude. NC = non-capacitated. Treatment groups with the same letters were 





]i oscillations require extracellular Ca
2+ 
 Previously, Harper and colleagues (2004) showed that generation of [Ca
2+
]i 
oscillations in human spermatozoa was blocked in Ca
2+
-free medium (buffered with EGTA). 
But when cells were exposed to low-Ca
2+







oscillations persisted and became slightly larger. In order to investigate this further, I 
performed a similar experiment but with a longer exposure to low-Ca
2+
 medium (sEBSS with 
no added Ca
2+
). Progesterone was used to stimulate [Ca
2+
]i oscillations and later low-Ca
2+
 
medium was introduced for 30 minutes. Perfusion of this medium initially increased 
oscillation amplitude as described by Harper et al (2004) but then gradually abolished the 
oscillations during the course of time, inhibiting completely after 12.3 + 0.5 minutes of 






oscillation pattern persisted during low-Ca
2+
 medium perfusion was 22.7 minutes of 
treatment. Addition of EGTA to remove any remaining trace of Ca
2+
 in the extracellular 
environment further decreased [Ca
2+
]i (fluo4 fluorescence) to levels below the control phase. 
The subsequent addition of standard sEBSS (1.8 mM of Ca
2+
) promoted a large [Ca
2+
]i 





]i oscillations require extracellular Ca
2+





]i oscillations induced by progesterone in human spermatozoa. Panel shows 
single cells traces (4 cells from different set of experiments) generated from single cell images 
obtained in a time-lapse experiment. Light grey shading shows perfusion of Ca
2+
 free (lower 
trace) medium, dark grey shading shows addition of the Ca
2+
 chelator EGTA (2 mM) and red 
arrow shows addition of progesterone (3 M). Experiments were performed, in collaboration 






3.3.4 Spatiotemporal characteristics of [Ca
2+
]i oscillations induced by progesterone 
To investigate the spatiotemporal characteristics of [Ca
2+
]i oscillations induced by 
progesterone, I performed single-cell images in high speed – 2.5 Hz and 5 Hz and 60x oil 
objective. The occurrence of [Ca
2+
]i elevation was investigated separately in three regions of 
the sperm cell (flagellum, neck, head). After progesterone addition, a transient followed by 





transient initiate in the flagellum then spread actively towards the sperm head, through 
the neck (fig. 3.7A). This sequence is consistent with activation of CatSper by progesterone 
since the channels are restrictedly found in the principal piece of the sperm flagellum. The 
time delay Ca
2+
 signal propagates from the flagellum to the neck or head during the initial 
transient peak was 3.1 + 0.4 and 3.6 + 0.5 seconds (n=22 cells from 10 experiments, 
p<0.001), respectively (fig. 3.7B).         
 Analysis of [Ca
2+
]i oscillations which followed the initial transient showed a similar 
pattern, indicating that oscillations were also triggered in the flagellum. However, once 
reaching neck and head, Ca
2+
 oscillations exhibited higher amplitude than observed in the 
flagellum, which suggests that the Ca
2+
 signal then triggers Ca
2+
 store release (fig. 3.8A). The 
time delay Ca
2+
 signal propagates in the sperm cell during oscillations generation was 3.1 + 
0.5 seconds (to the neck) and 4.2 + 0.5 seconds (to the head) (n=22 cells from 10 experiments, 














 transient induced by progesterone start at the flagellum and propagate 
towards the sperm head. (A) Traces show Ca
2+
 rising during the first [Ca
2+
]i oscillation in 
three different regions of the sperm cell, flagellum (green), neck (blue) and head (red). 
Representative histogram was generated by single-cell images obtained in a time-lapse 
experiment recorded in high speed of 2.5 Hz. (B) Delays to the neck and head were calculated 
considering flagellum as the start point – 0 seconds. A total of 60 [Ca
2+
]i oscillations was 
analysed from 22 sperm cells recorded in 10 experiments performed independently. 
Comparisons were conducted with one-way ANOVA followed by Tukey’s post-hoc. 










]i oscillations induced by progesterone start at the flagellum and 
propagate towards the sperm head. (A) Traces show Ca
2+
 rising during the first [Ca
2+
]i 
oscillation in three different regions of the sperm cell, flagellum (green), neck (blue) and head 
(red). Representative histogram was generated by single-cell images obtained in a time-lapse 
experiment recorded in high speed of 2.5 Hz. (B) Delays to the neck and head were calculated 
considering flagellum as the start point – 0 seconds. A total of 60 [Ca
2+
]i oscillations was 
analysed from 22 sperm cells recorded in 10 experiments performed independently. 
Comparisons were conducted with one-way ANOVA followed by Tukey’s post-hoc. 




3.3.5 Membrane potential (Vm) regulates [Ca
2+
]i oscillations  
Periodic changes in membrane potential may lead to cyclical activation of voltage 
dependent Ca
2+
- influx pathways and, consequently, generate [Ca
2+
]i oscillations (Lieste et al, 
1998). To investigate the contribution of changes in membrane potential on [Ca
2+
]i 
oscillations, manipulation of Vm was performed using K
+ ionophore valinomycin (VLN - 





) were -79 mV and - 4 mV. This was assessed using whole-cell current clamp, 
which showed that 1 uM valinomycin was sufficient to control Vm and that recorded values 
approximated to those estimated by calculation (fig. 3.9).  
 
 
Figure 3.9 Confirmation of manipulation of Vm using valinomycin with the technique of 
whole-cell patch clamp. Arrow shows the time of addition of 1 M VLN, grey shading show 
treatment period with 100 mM K
+
 media. Experiments were performed by Dr. Sean Brown, 





3.3.5.1 Hyperpolarisation (-79 mV) effect on [Ca
2+
]i oscillations  
Pre-treatment with VLN (to clamp Vm at -79 mV) had no effect on the initial 
progesterone-induced [Ca
2+





]i activity was still observed. [Ca
2+
]i oscillations pattern were completely 
recovered when VLN was removed (fig. 3.10A). Similar results were obtained when 
valinomycin was added after progesterone stimulation. The [Ca
2+
]i oscillating sub-population 
was completely inhibited upon hyperpolarisation by VLN application (fig 3.10B). 
Furthermore, as observed in the pre-treatment experiments, [Ca
2+
]i oscillations pattern was 
completely recovered upon VLN washout (fig. 3.10B).     
 In experiments where VLN was added after progesterone [Ca
2+
]i oscillations persisted 
in approximately 11.6 + 3.4% of the oscillating sub-population (fig 3.11). In these cells 
frequency of [Ca
2+
]i oscillations was greatly reduced from 0.52 + 0.02 cpm to 0.08 + 0.02 
cpm (420 [Ca
2+
]i oscillations from 50 cells; p<0.001; fig. 3.11A). When Vm was subsequently 
restored by VLN washout the frequency of [Ca
2+
]i oscillations recovered. Additionally, the 
amplitude of [Ca
2+
]i oscillations after hyperpolarisation was also affected: reduction of 86.4 + 
2.2% (420 [Ca
2+
]i oscillations from 50 cells; p<0.001; fig. 3.12A). Restoring Vm completely 
recovered the amplitudes, as they exhibited the same levels of the [Ca
2+
]i oscillations before 
















]i oscillations profile was completely recovered when valinomycin was removed and Vm 
was restored. Panels show single cells traces (4 cells from different set of experiments) 
generated from single cell images obtained in a time-lapse experiment. Grey shading shows 
pre-treatment (A) or post-treatment (B) with VLN (1 M), red arrow shows addition of 





Figure 3.11 Proportion of ‘oscillating’ population under different membrane potential 
values. Membrane potential was manipulated to hyperpolarisation: -79 mV; close to resting 
potential: -38 mV; and depolarisation: -4 mV. Bars show mean + SEM of a total of 50 cells 
per condition from 3 different experiments. Treatment groups with the same letters were not 







Figure 3.12 Vm hyperpolarisation alters the frequency and amplitude of progesterone-
induced [Ca
2+
]i oscillations. Graphs show the frequency of [Ca
2+
]i oscillations occurrence 
per minute in the ‘oscillating’ population (A) and the amplitude of [Ca
2+
]i oscillations in 
sperm population (B) under the three conditions: progesterone alone and regular Vm (first 
bar), hyperpolarisation Vm EK = -79 mV (second bar) and restored Vm (third bar). Amplitude 
was calculated using the mean response of each [Ca
2+
]i oscillation considering the initial 
transient peak as 100% and bars show mean + SEM of 3 experiments. A [Ca
2+
]i oscillation 
was considered when reached at least 20% of the initial transient peak amplitude. Treatment 
groups with the same letters were not significantly different according to one-way ANOVA 






3.3.5.2 Depolarisation (-4 mV) effect on [Ca
2+
]i oscillations 
In order to investigate whether the [Ca
2+
]i oscillations would be affected by membrane 
potential depolarisation, sperm cells were exposed to 1M VLN combined with 100 mM K
+
 





3.13A) and resulted in a slight increased peak, but did not inhibit nor alter the amplitude of 
the initial transient response induced by progesterone. Depolarisation prevented generation of 
progesterone-induced [Ca
2+
]i oscillations following the initial progesterone transient, but basal 
[Ca
2+
]i activity was still observed (fig. 3.13A). When cells were treated with VLN/100 K
+ 
after exposure to progesterone [Ca
2+
]i oscillations persisted in most cells (fig 3.13B).  
The proportion of oscillating sub-population upon depolarisation was approximately 
90.1 + 0.6% of the cells (fig. 3.11). Furthermore, membrane depolarisation had little effect on 
rate of generation of progesterone-induced [Ca
2+
]i oscillations, frequency being reduced by 
only 17.7 + 0.01% (n=260 [Ca
2+
]i oscillations from 25 cells; p<0.05; fig. 4.14A) during 
perfusion with VLN/100K
+
 but after washout, the [Ca
2+
]i oscillation frequency was further 
decreased (by 57.7 + 0.02%) and recover did not occur within the period of recording. 
However, amplitude in oscillating cells decreased by 49.9 + 2.1% (n=260 [Ca
2+
]i oscillations 











Figure 3.13 Depolarisation (-4 mV) partially inhibits progesterone-induced [Ca
2+
]i 
oscillations in sperm cells. [Ca
2+
]i oscillations profile was not completely recovered when 
VLN/100 mM K
+
 was removed. Panels show representative single cells traces (4 cells from 
different set of experiments) generated from single cell images obtained in a time-lapse 
experiment. Grey shading shows pre-treatment (A) or post-treatment (B) with VLN/100 mM 
K
+





Figure 3.14 Depolarisation slightly alters the frequency of [Ca
2+
]i oscillations and 
inhibits amplitude. Graphs show the frequency of [Ca
2+
]i oscillations occurrence per minute 
in the ‘oscillating’ population (A) and the amplitude of [Ca
2+
]i oscillations in sperm 
population (B) under the three conditions: progesterone alone treatment and regular Vm (first 
bar), depolarisation Vm EK = -4 mV (second bar) and restored Vm (third bar). Amplitude was 
calculated using the mean response of each [Ca
2+
]i oscillation considering the initial transient 
peak as 100% and bars show mean + SEM of 260 [Ca
2+
]i oscillations from 25 cells acquired 
in 3 experiments. A [Ca
2+
]i oscillation was considered when reached at least 20% of the initial 
transient peak amplitude. Treatment groups with the same letters were not significantly 
different according to one-way ANOVA followed by Tukey’s post-hoc (p <0.05). 
 
In order to confirm that the effect of clamping Vm with VLN was dependent on the 
value of Vm, I performed experiments where, after establishing the progesterone-induced 
[Ca
2+
]i oscillations, the membrane potential was first depolarised with VLN/100 mM K
+
 and 
subsequently hyperpolarised with VLN in standard sEBSS (EK= -79 mV) (fig. 3.15A). As 
previously described in figure 3.14, membrane depolarisation reduced [Ca
2+
]i oscillations 
amplitude, but slightly altered the frequency. However, hyperpolarisation after depolarisation 
largely affected both amplitude and frequency of oscillations. Frequency was decreased by 95 
+ 0.01% (p<0.001; fig. 3.15B) and amplitude by 91.3 + 2.7% (p<0.001; fig. 3.15C), when 
compared to [Ca
2+
]i oscillations before any membrane potential alteration. The [Ca
2+
]i 
oscillations recovery was also affected, once frequency returns only to 42.3 + 0.01% and 
amplitude 68.5 + 4.1% (n=140 [Ca
2+
]i oscillations from 15 cells; p<0.001) in comparison to 
the [Ca
2+







Figure 3.15 Progesterone-induced [Ca
2+
]i oscillations generation is dependent on the 
value of Vm. (A) Panel shows single cells traces (4 cells from different set of experiments) 
generated from single cell images obtained in a time-lapse experiment. Dark grey shading 
indicates depolarised Vm (-4 mV), light grey shading indicates hyperpolarised Vm (-79 mV), 
red arrow shows addition progesterone (3 M). Graphs show the frequency of [Ca
2+
]i 
oscillations occurrence per minute in the ‘oscillating’ population (B) and the amplitude of 
[Ca
2+
]i oscillations in sperm population (C) under the four conditions: progesterone alone and 
regular Vm (first bar), depolarisation Vm EK = -4 mV (second bar), hyperpolarisation Vm EK 
= -79 mV (third bar) and restored Vm (forth bar). Amplitude was calculated using the mean 
response of each [Ca
2+
]i oscillation considering the initial transient peak as 100% and bars 
show mean + SEM of 140 [Ca
2+
]i oscillations from 15 cells acquired in 3 experiments. 
Treatment groups with the same letters were not significantly different according to one-way 









Estimates of resting potential of capacitated mammalian sperm vary but values of -30 
to -40 mV are typical (Espinosa and Darszon, 1995; Munoz-Garay et al, 2001; Demarco et al, 
2003; Hernandez-Gonzalez et al, 2006; De La Vega-Beltran et al, 2012 and fig 3.9). To 
investigate whether the [Ca
2+
]i oscillations might persist if Vm was clamped at a value close 
to resting potential I applied valiomycin in saline containing 25 mM K
+
 (estimated EK= -38 
mV). Spermatozoa were stimulated with progesterone (3μM) then saline with 25 mM K+ and 
valinomycin was applied after [Ca
2+
]i oscillations had become established. Similar to the 
effects of hyperpolarised conditions, progesterone-induced [Ca
2+
]i oscillations were inhibited 
and basal [Ca
2+
]i activity was still observed. Progesterone-induced [Ca
2+
]i oscillations were 
completely recovered when Vm was restored (fig. 3.16).      The 
proportion of oscillating cells at Vm= -38 mV was approximately 57.1 + 9.5% (fig. 3.11). 
Moreover, in those cells where [Ca
2+
]i oscillations persisted, the effect on frequency was less 
marked than at -79 mV (compare fig 3.12A and 3.17A). When Vm was subsequently restored 
the frequency was recovered (fig. 3.17A). Amplitude of [Ca
2+
]i oscillations was also less 
sensitive to clamping at -38 mV than at -79 mV (compare fig 3.12B and 3.17B). After 
restoring Vm by VLN washout [Ca
2+
]i oscillations amplitude  recovered to the levels recorded 








Figure 3.16 Vm close to resting potential (-38 mV) abolishes progesterone-induced 
[Ca
2+
]i oscillations in sperm cells. [Ca
2+
]i oscillations profile was completely recovered 
when VLN/25 mM K
+
 was removed and Vm was restored. Representative histogram was 
generated from single cell images obtained in a time-lapse experiment. Grey shading shows 
treatment with VLN 25 mM K
+
, red arrow shows addition of progesterone (3 M). 
 
 
Figure 3.17 Vm close to resting potential (-38 mV) alters the frequency and amplitude of 
[Ca
2+
]i oscillations. Graphs show the frequency of [Ca
2+
]i oscillations occurrence per minute 
in the ‘oscillating’ population (A) and the amplitude of [Ca
2+
]i oscillations in sperm 
population (B) under the three conditions: progesterone alone treatment and regular Vm (first 
bar), Vm EK = -38 mV (second bar) and restored Vm (third bar). Amplitude was calculated 
using the mean response of each [Ca
2+
]i oscillation considering the initial transient peak as 
100% and bars show mean + SEM of 3 experiments. A [Ca
2+
]i oscillation was considered 
when reached at least 20% of the initial transient peak amplitude. Treatment groups with the 
same letters were not significantly different according to one-way ANOVA followed by 




Collectively, our results showed that progesterone induces [Ca
2+
]i oscillations in 
human spermatozoa: ‘rapid’ transients resembling the initial progesterone transient. I also 
characterised that these oscillations require extracellular Ca
2+
 and that [Ca
2+
]i rose first in the 
flagellum, consistent with activation of CatSper channels, then spread actively to the head, 
apparently triggering Ca
2+
 store release. Also, membrane potential contributes to 
progesterone-induced [Ca
2+



























 signalling is critical for regulation of sperm motility and in human spermatozoa is 
mainly mediated by influx of extracellular Ca
2+
 through CatSper channels. Progesterone, 
released by the cumulus cells layer surrounding the oocyte, can activate CatSper channels and 
typically induces a rapid and biphasic Ca
2+
 entry into spermatozoa. Several studies have 
described progesterone biphasic response as an initial transient peak, which lasts 
approximately 1 to 2 minutes, followed by a long-lasting plateau, named sustained phase 
(Blackmore et al, 1990; Meizel and Turner, 1991, Kirkman-Brown et al, 2000; fig 3.2). 
Similar response was also described in sea urchin sperm cells. Gonzalez-Martinez and 
colleagues (2001) and Hirohashi and Vacquier (2003) showed that peptides released by sea 
urchin egg promotes Ca
2+
 fluctuations. 
Interestingly, single-cell imaging analysis showed that approximately a quarter of the 
sperm cell population exhibits cyclical [Ca
2+
]i oscillations after progesterone exposure instead 
of the typical long-lasting plateau phase (figs. 3.3 and 3.4). In hamster spermatozoa, Suarez 
and colleagues (1993) showed that high frequency spontaneous [Ca
2+
]i oscillations occurs in 
hyperactivated sperm and are related to flagellar bending. In sea urchin sperm, [Ca
2+
]i 
oscillations were identified both spontaneously and also after stimulation with speract, an 
oligopeptide released by the egg of Strongylocentrotus purpuratus, and they may also be 
related to motility activity (Wood et al, 2003). [Ca
2+
]i oscillations have also been recognised 
in human sperm cells. In 2004, Kirkman-Brown and colleagues and also Harper and 
colleagues showed that human sperm exhibit [Ca
2+
]i oscillations in response to progesterone 
and their kinetics are slow, each cycle lasting approximately 2 to 3 minutes. A similar pattern 
of [Ca
2+




(2007) and Bedu-Addo and colleagues (2007) in the same type of cell. Although [Ca
2+
]i 
oscillations have been previously described, the Ca
2+
 signalling pathways involved in this 
behaviour are not completely clear yet.       
 Our data shows that Ca
2+
 oscillations induced by progesterone occur in the whole 
sperm cell, initiating the flagellum and then propagating forward towards the sperm head, 
through the neck (figs. 3.7 and 3.8). This characterisation is important as it suggests that 
[Ca
2+
]i oscillations may start due to activation of CatSper channels, which are found only in 
the principal piece of the sperm flagellum. Moreover the [Ca
2+
]i oscillation amplitudes 
observed in the neck and head of the sperm were greater than initially started at the flagellum. 
This enhanced signal must be achieved by further Ca
2+
 mobilisation, probably releasing Ca
2+
 
from intracellular stores by CICR, in response to CatSper-mediated Ca
2+
 entry (fig. 3.7). As 
[Ca
2+
]i oscillations may start through activation of CatSper channels and these channels are 
regulated by membrane potential (Vm), we decided to investigate the contribution of changes 
in Vm to the generation of [Ca
2+
]i oscillations. Our results demonstrates that progesterone-
induced [Ca
2+
]i oscillations were completely inhibited by membrane hyperpolarisation (fig. 
3.10, 3.11 and 3.12). However, [Ca
2+
]i oscillations were highly resistant when membrane 
potential was depolarised (fig 3.13 and 3.14). Furthermore, membrane potential close to 
resting Vm had intermediate effects on the [Ca
2+
]i oscillations, not completely inhibiting 
frequency or amplitude (fig. 3.16 and 3.17). These observations differ from those described 
by Kirkman-Brown and colleagues (2004). In their work valinomycin did not change the 
proportion of oscillating cells or alter the characteristics of the [Ca
2+
]i oscillations, suggesting 
that Vm was not involved in [Ca
2+
]i oscillations generation in human sperm cells. The reason 
for this difference is not clear but we suspect that the valinomycin used in that study did not 




potential may contribute to the generation of progesterone-induced [Ca
2+
]i oscillations in 
human sperm, suggesting that CatSper may be in involved in this oscillation profile, 






























CHAPTER FOUR: RU1968-F1, A NEW PHARMACOLOGICAL TOOL TO 
INVESTIGATE CATSPER IN HUMAN SPERMATOZOA 
 
4.1 Abstract 





]i), to regulate sperm behaviour and to be crucial for fertilisation and male 
fertility (Ren et al, 2001; Quill et al, 2003; Publicover et al, 2008; Lishko et al, 2010; Alvarez 
et al, 2014). Currently, NNC-0396, mibefradil, MDL12330A and HC-056456 are the drugs 
being used as pharmacological tools to study CatSper; however, they are not selective and 
promote toxic effects to the sperm cells. I aimed to characterise the action of RU1968, a 
potential CatSper inhibitor resynthesised by Dr. Timo Strunker’s lab group (University of 
Münster – Germany). [Ca
2+
]i signalling was assessed by loading sperm cells with the Ca
2+
-
indicator fluo-4-AM, pre-treating them with different concentrations of RU1968 and then 
stimulating with progesterone (P4 - 3 M). RU1968 shows a dose dependent effect on the 
transient phase induced by P4. RU1968 - 30 μM inhibited the peak by 74.9 + 7.5%; while the 
highest concentration 50 μM promoted an 81.6 + 0.9% peak inhibition. Moreover, when the 
inhibitor was removed a rebound peak was observed. The time for peak recovery and duration 
of peak was dependent on the drug concentration. The peak recovery took up to 247.5 + 47.5 
seconds to occur (RU1968 - 50 μM) and longest peak duration occurred after RU1968 30 μM 
and 50 μM removal, 303.8+ 44.6 and 445.7 + 17.4 seconds, respectively. These data together 
with those obtained by the collaborators of Dr. Timo Strunker (Rennhack et al, 2018) suggest 
that RU1968 is effective in inhibiting CatSper and could be used as a new pharmacological 
tool in the study of these Ca
2+





CatSper is a sperm-specific Ca
2+
 channel which has been shown to be critical for a 
successful fertilisation and for male fertility (Ren et al, 2001; Quill et al, 2003). CatSper is 
sensitive to increasing of intracellular pH, is dependent of voltage and can be stimulated by 
progesterone, prostaglandins and other ligands, which modulates Ca
2+
 influx into sperm cells  
(Ren et al, 2001; Quill et al, 2001; Kirichok et al, 2006; Navarro et al, 2008; Lishko et al, 
2011; Brenker et al, 2012). The localisation of these Ca
2+
 channels is strictly on the plasma 
membrane of the principal piece of the sperm flagellum (Ren et al, 2001; Carlson et al, 2005; 
Jin et al, 2007) constituting the primary source of Ca
2+
 flux into the cytosol. [Ca
2+
]i signals are 
necessary for regulation of hyperactivated motility, which enables sperm to ascend beyond the 
oviductal reservoir (Kirichok et al, 2006; Ho et al, 2009) and penetrate the zona pellucida 
surrounding the oocyte (Ren et al, 2001; Quill et al, 2003, 2007). The role of CatSper 
channels in sperm hyperactivated motility and in the fertilisation process has been well 
studied in mice, particularly through generation of CatSper-null mice which produces 
‘normal’ sperm lacking the channel (Ren et al, 2001). The importance of these channels in 
human sperm is still debatable. Some studies show that mutations in human CatSper genes 
and CatSper dysfunction could be associated with infertility (reviewed in Hildebrand et al, 
2010; Williams et al, 2015), but the number of cases analysed was very low and sperm 
motility parameters varied largely between different samples. A better method to investigate 
this relationship would be to express or mutate CatSper channels in cultured cells however 
such technique has not been achieved yet. The identification of specific CatSper channel 
blockers can provide a powerful tool to investigate Ca
2+
 signalling in sperm and help to 
address the physiological role and temporal aspects of CatSper in human sperm.   




used as CatSper inhibitors (Carlson et al, 2009; Lishko et al, 2011; Strünker et al, 2011; 
Brenker et al, 2012) however, they show evidence of side effects: in addition to inhibition of 
CatSper they also inhibit Slo3 channels, might promote acrosomal exocytosis and sustained 
increase of cytosolic Ca
2+
 and also show toxicity to the sperm cells (Navarro et al, 2007; 
Carlson et al, 2009; Brenker et al, 2012, 2014; Mansell et al, 2014; Tamburrino et al, 2014; 
Chavez et al, 2017).         
 Shaefer and colleagues (2000) reported that the bis-TFA salt named RU1968 (fig. 
4.1), which was classically described as a steroidal sigma ligand, could act as a potent 
inhibitor of human sperm activation, more specifically by blocking Ca
2+
 influx induced by 
progesterone and prostaglandin E1. However, the mechanism of RU1968 in spermatozoa 
remained unclear and was not shown to be dependent of activation of sigma receptors 
(Shaefer et al, 2000). The laboratory team of Dr. Timo Strunker (University of Münster – 
Germany) has been resynthesizing RU1968 and, in collaboration with other groups, revisited 
its mechanism of action in sperm from humans, mice, and sea urchins, in order to elucidate 
whether the drug would actually modulate CatSper in a more effective fashion than the usual 
drugs used as pharmacological tools to investigate CatSper channels. 
 
Figure 4.1 Molecular structure of the potential CatSper inhibitor RU1968. RU1968 is a 
bis-trifluoroacetate salt molecule, resynthesised by Dr. Timo Struker’s lab team, which 






The aim of this chapter was to characterise the action of RU1968, re-synthesised by 
Dr. Timo Strunker’s group, and its effects on the Ca
2+
 CatSper channel. I wanted to 
investigate whether the drug could inhibit the CatSper-dependent [Ca
2+




















4.3.1 RU1968 inhibits Ca
2+
 response induced by progesterone 
In order to characterise the action of RU1968 on Ca
2+
 CatSper channels, I performed 
Ca
2+
 imaging experiments to confirm if the pharmacological tool could inhibit the effect 
induced by progesterone. Progesterone alone induces a biphasic Ca
2+ 
response in human 
sperm cells – a transient peak followed by a sustained phase. RU1968 inhibited the transient 
phase induced by progesterone in a dose dependent way. Moreover, when the inhibitor was 
removed a rebound peak was observed (fig. 4.2 and 4.3). 
 
 
Figure 4.2 RU1968 inhibits Ca
2+
 response induced by progesterone in a dose-dependent 
curve. (A) Graph shows mean effects of treatment with DMSO (blue; n = 10 experiments, 
440 cells), 1 M RU1968 (red; n = 4 experiments 218 cells), 10 M RU1968 (green; n=3 
experiments, 127 cells), 20 M RU1968 (purple; n=3 experiments, 157 cells), 30 M RU1968 
(orange, n=3 experiments, 129 cells), 50 M RU1968 (yellow, n= 3 experiments, 123 cells). 
Grey shading shows period of treatment with RU1968 or DMSO, red arrows show addition 





Figure 4.2 RU1968 inhibits Ca
2+
 response induced by progesterone in a dose-dependent 
curve. Panel (B) shows representative images of three individual cells and their respective 
Ca
2+
 traces (right) in response to addition of RU1968 (at minute 2), stimulation with 
progesterone (at minute 5) and RU1968 removal (at minute 12). Upper row = control cell 
treated with P4 only; middle row = cell pre-treated with10 M RU1968 and treated with P4; 
lower row = cell pre-treated with 30 M RU1968 and treated with P4. Ca
2+
 signals are shown 
under a 32 bit look-up table, in which white represents maximum fluorescence intensity and 
dark blue means minimum fluorescence intensity. 
 
4.3.2 Effect of RU1968 on the progesterone-induced [Ca
2+
]i transient 
The concentrations 1 μM and 10 μM of RU1968 inhibited the transient peak by 17.0 + 
9.6% and 25.4 + 3.0%, respectively. At higher concentrations (20-50 M) the effect was 
saturated as peak inhibition of 20 μM, 30 μM and 50 μM were not statically significant 




in 74.8 + 7.5%; while the highest concentration 50 μM caused an 81.6 + 0.9% inhibition of 
peak amplitude (fig. 4.3). 
 
 
Figure 4.3 RU1968 inhibits the transient peak induced by progesterone in a dose-
dependent way. Graph represents effect of different RU1968 concentrations on the amplitude 
of the progesterone-induced [Ca
2+
]i peak (expressed as percentage inhibition). Treatment 
groups with the same letters were not significantly different according to one-way ANOVA 
followed by Tukey’s post-test (p <0.05). Inhibition was calculated using the mean response in 
each experiment and bars show mean + SEM of 3 experiments. 
 
To further characterise the inhibition of the [Ca
2+
]i transient in individual cells, I 
analysed the amplitude distribution of the transient in the presence of different RU1968 
concentrations (fig. 4.4). In the presence of lower concentrations of RU1968 (1 μM and 10 
μM) the most noticeable effect was a reduction in the frequency of very large [Ca2+]i 
transients (amplitudes over 200%  fluorescence), the majority of cells showed transients 




μM) completely abolished the occurrence of transient amplitudes over 200%.  The proportion 
of the cell population which generated transient amplitudes between 0 - 50%  fluorescence 
was 43.31% (20 μM), 60.47% (30 μM) and 82.86% (50 μM). 
 
Figure 4.4 RU1968 alters the amplitude distribution of [Ca
2+
]i transients induced by 
progesterone in a dose-dependent way. Graph represents the percentage of cells exhibiting 
different transient amplitudes in the presence of RU1968 concentrations.  
 
   As the lower doses of RU1968 (1 μM and 10 μM) primarily inhibited the occurrence 
very large transient responses (>200%  fluorescence), I decide to analyse this population in 
more detail.Data shows that cells treated with 1 μM and 10 μM of RU1968 exhibited 
maximum transient amplitudes of 285% and 385%  fluorescence, respectively, while in 






Figure 4.5 Low concentrations of RU1968 inhibit the frequency distribution of the 
highest transient amplitudes induced by progesterone. Graph represents the percentage of 
cells exhibiting different transient amplitudes in the presence of RU1968 concentrations.  
 
4.3.3 RU1968 removal promotes [Ca
2+
]i rebound peak 
After removal of the inhibitor from the recording chamber (in the continued presence 
of progesterone), a rebound peak was observed (fig. 4.2). The time to maximum (latency) was 
dependent on the drug concentration. No rebound peak was seen with 1 μM (inhibition in this 
concentration was low as showed in fig. 4.2 and fig. 4.3) but at higher doses the latency of the 
rebound peak was clearly dose dependent  (66.7 + 14.2, 65.0 + 18.0, 116.7 + 14.2 and 247.5 + 
47.5 s at 10 μM, 20 μM, 30 μM and 50 μM respectively; fig. 4.6).    
 Rebound peak also differed in its duration dependent on the drug concentration. The 
rebound peak after RU1968 10 μM removal lasted 240.7 + 29.1 s. A similar duration was also 
observed after 20 μM, (242.4 + 16.6 s) but longer durations were observed after RU1968 30 





Figure 4.6 Latency to rebound is dependent on the RU1968 concentration. Bars show 
time to the rebound peak to occur after removal of RU1968. Latency was calculate using the 
mean response in each experiment and bars show mean + SEM of 3-4 experiments. Treatment 
groups with the same letters were not significantly different according to one-way ANOVA 
followed by Tukey’s post-test (p <0.05). 
 
 
Figure 4.7 Rebound peak duration is dependent on the RU1968 concentration. Graph 
represents the duration of the rebound after removal of different RU1968 concentrations. 
Rebound peak duration was calculate using the mean response in each experiment and bars 
show mean + SEM of 3-4 experiments. Treatment groups with the same letters were not 






The aim of these experiments was to confirm the effectiveness of RU1968 as a 
pharmacological tool to investigate CatSper channels. Besides the results shown in this 
chapter, Dr. Timo Strunker’s lab group and other collaborators worked in different techniques 
and biological models to confirm the RU1968 specificity in blocking CatSper. These data 
have been recently published (Rennhack et al, 2018).     
 Results in Ca
2+
 fluorimetry show that RU1968 blocks Ca
2+
 influx induced by 
progesterone and prostaglandin E1 in a dose dependent manner, IC50 values of 4 + 2 M and 
3.8 + 0.5 M, respectively (Rennhack et al, 2018). A previous study with classical drugs used 
as CatSper inhibitors, mibefradil and NNC55-0396, shows that both drugs inhibit Ca
2+
 
responses promoted by progesterone and prostaglandin E1 but the potency was lower than 
RU1968 and at (effective) high doses the inhibitors promoted Ca
2+
 responses per se, due to a 
lack of specificity of the molecules for CatSper channels (Strunker et al, 2011). This lack of 
specificity limits the use of mibefradil and NNC55-0396 as a selective inihibition of CatSper 
can not be achieved. Moreover, Tamburrino and colleagues (2014) showed that mibefradil 
can be toxic to human sperm, thereby, affecting the data collected in live sperm experiments. 
In contrast, even at high micromolar concentrations of RU1968 (30 μM), the inhibitor did not 
affect human sperm motility or viability (Rennhack et al, 2018), suggesting that RU1968 
lacks the toxic and adverse off-target actions of NNC, Mibefradil, and MDL in human sperm. 
Whole-cell patch clamp showed that RU1968 completely abolished CatSper channel currents 
with an IC50 of 0.4 ± 0.3 μM in human sperm cells and only inhibts the K
+
 channel Slo3 
current with an IC50 of 7 ± 6 μM, a 15-fold higher concentration to the one required for 
CatSper blockade (Rennhack et al, 2018).  The classical CatSper blockers: NNC, Mibefradil, 




2012), but they also inhibit Slo3 (Navarro et al, 2007; Carlson et al, 2009; Brenker et al, 2014; 
Mansell et al, 2014) with similar potency.       
 The IC50 values for block of progesterone-induced [Ca
2+
]i signals by RU1968 from 
single-cell imaging experiments, shown in this chapter, is 17.5 + 1.2 μM, which is higher than 
the one calculated from Ca
2+
 fluorimetry experiments (4 ± 2 μM; Rennhack et al, 2018). This 
is probably due to the hydrophobicity of the molecule. Accumulation of the drug on the inside 
the plastic perfusion tubing may occur during perfusion, such that the sperm in the imaging 
chamber do not ‘see’ the applied dose. When the drug was directly added to the imaging 
chamber in experiments, without perfusion, the kinetics of the responses to progesterone were 
very slow (because mixing within the chamber is poor) but the IC50 for block by RU1968 was 
similar to the Ca
2+
 fluorimetry experiments (Rennhack et al, 2018). However, I considered it 
to be important to also perform experiments under perfusion once to understand the kinetics 
of the drug effect, particularly drug washout. In figure 4.2, I showed that the effect of RU1968 
is reversible and, after its removal in the continued presence of progesterone, a rebound peak 
was observed which had dose-dependent characteristics.    
 Collectively, the data presented in this chapter, in combination with those obtained by 
the other collaborators of Dr. Timo Strunker (Rennhack et al, 2018) suggest that RU1968 is 
an effective and acceptably selective inhibitor of CatSper channels that lacks toxic side effects 
in human sperm. It could be used as a new pharmacological tool in the study of these Ca
2+
 
channels. An improved molecule, such as RU1968, can reveal CatSper channel properties and 
provide conditions to understand its roles to sperm physiology. Furthermore, RU1968 could 
be used as a lead structure to develop non-hormonal contraceptives, once it mimics the lack of 











Membrane potential controls progesterone-induced [Ca
2+
]i oscillations in human sperm cells, 
which may be involved in regulation of sperm motility and ‘switch’ of sperm behaviour. I 





]i oscillations were established for 20 minutes before 
treatment with different ion channels blockers. Slo3 channel block (quinidine – 0.3 mM) 
completely abolished progesterone-induced and basal [Ca
2+
]i oscillations. Treatment with 
CatSper blocker (RU1968F1 - 30 μM) decreased the proportion of ‘oscillating’ cells by 53.5 
+ 2.9%. Moreover, the frequency of [Ca
2+
]i oscillations in these cells was reduced by 91.2 + 
0.01%. Treatment with Cl
− 
free medium reduced [Ca
2+
]i oscillation frequency in 56.7 + 0.02% 
of cells but did not completely abolished [Ca
2+
]i oscillations in any cell evaluated. 
Investigation of Cl
− 
channels (CFTR and CaCC) was conducted with the blockers CFTR(inh)-
172 - 10 M and niflumic acid - 30 M, respectively. None of the drugs affected the 
proportion of ‘oscillating’ cells or altered any [Ca
2+
]i oscillations characteristics, such as 
frequency and amplitude. Collectively, our data suggests that progesterone-induced [Ca
2+
]i 
oscillations are generated by CatSper activation and depends on activity of Slo3. I suggest 
that CatSper-mediated [Ca
2+
]i elevation may open Slo3 channels at the plasma membrane, 
which cause hyperpolarisation of membrane potential and closes CatSper. Re-establishment 
of resting [Ca
2+




presence of progesterone, opens again promoting increase of [Ca
2+
]i. However, the 
participation of Cl
− 




























The ion fluxes across the plasma membrane regulate a wide range of physiological 
processes including intracellular pH (pHi), transcellular transport, cell volume, cell signalling 
pathways, enzymes activation/inactivation. In spermatozoa a role for membrane potential 
(Vm) has been described in the regulation of sperm capacitation in the female reproductive 
tract, chemotaxis and acrosome reaction (Eisenbach, 1999; Visconti et al, 2002; Darszon et al, 
2005). In chapter 3, I showed that membrane potential also controls progesterone-induced 
[Ca
2+
]i oscillations in human sperm cells, which may underlie ‘switching’ of sperm behaviour, 
believed to be important for sperm progression in the female tract.    
 The activity of K
+ 
channels, which modulates the flow of K
+ 
ions, is the primarily 
source underlying the establishment of membrane potential. In spermatozoa, the only K
+
 
current that was shown to be crucial to set the resting membrane potential is a pH-sensitive K
+
 
current, originally named IKSper (Navarro et al, 2007) and now identified to be carried by an 
exclusive sperm-specific K
+
 channel, Slo3 (Santi et al, 2010; Zeng et al, 2011, Brenker et al, 
2014). Slo3 channels are voltage-gated, activated by intracellular alkalinisation and are 
localised in the principal piece of the sperm flagellum (Navarro et al, 2007). They play 
important role on sperm physiology and critical steps of the fertilisation, such as sperm 
osmoregulation, acrosomal exocytosis and sperm motility (Santi et al, 2010; Tang et al, 2010; 
Zeng et al, 2011). Therefore, Slo3 channels would be a strong candidate on setting membrane 
potential, which regulates the progesterone-induced [Ca
2+
]i oscillations generation. 




 flow might be involved in the modulation of plasma 
membrane potential in sperm cells. Typically, Cl
−
 transport across the membrane is known to 




characterised in spermatozoa (Furst et al, 2002; Yeung et al, 2005; Cooper and Yeung, 2007). 
However, a few studies have also demonstrated that capacitation of human spermatozoa 
incubated in media containing low concentration of Cl
− 
is significantly reduced (Hernandez-
Gonzalez et al, 2007; Wertheimer et al, 2008; Chen et al, 2009; Orta et al, 2012; Figueiras-
Fierro et al, 2013). The capacitation-associated processes affected by absence of external Cl
−
 
include: increase in tyrosine phosphorylation and cAMP levels, hyperactivated motility, ZP-
induced acrosome reaction and hyperpolarisation of the sperm Em. The mechanisms by which 
Cl
−
 ions contributes to the modulation of the sperm membrane potential is still unclear, but 
estimated ECl of human sperm with 140 mM extracellular Cl
-
 ≈-24 mV (Garcia and Meizel, 
1999) which would shift to +55 mV upon reduction of [Cl-]o to 1 mM.  
 Changes in membrane potential can also control activation of others membrane ion 
channels and transporters, including the sperm-specific Ca
2+
-permeable channel CatSper 
(Darszon et al, 1999, 2011; Lishko et al, 2012). CatSper is believed to be the main channel 
involved on the influx of extracellular Ca
2+
 in human spermatozoa, which is critical for proper 
sperm function and successful fertilisation (Ren et al, 2001; Quill et al, 2003; Carlson et al, 
2003, 2005; Qi et al, 2007; Xia et al, 2007). CatSper channels are sensitive to increased 
intracellular pH, are dependent on voltage, can be stimulated by progesterone and are strictly 
localised on the plasma membrane of the principal piece of the sperm flagellum (Ren et al, 
2001; Quill et al, 2001; Kirichok et al, 2006; Jin et al, 2007; Navarro et al, 2008; Brenker et 
al, 2012). The properties of the newly-described CatSper inhibitor RU1968F1, described in 
chapter 4, provided the possibility to investigate and understand the role of CatSper channels 
in the generation of progesterone-induced [Ca
2+







The aims of this chapter were to identify the sperm cell components involved on the 
generation of progesterone-induced [Ca
2+
]i oscillations and also to propose a model for its 





















5.3.1 CatSper channels contribution to [Ca
2+
]i oscillations 





sensitive to membrane potential and they initiate in the flagellum then spread actively towards 





oscillations mechanism since they are restricted to the sperm flagellum and their 
activation is dependent on membrane potential and also progesterone (Ren et al, 2001; Quill 
et al, 2001; Kirichok et al, 2006; Navarro et al, 2008; Brenker et al, 2012). To investigate 
whether CatSper is involved in [Ca2+]i oscillations generation, fluo4-labelled spermatozoa 
were stimulated with progesterone to induce [Ca
2+
]i oscillations and CatSper inhibition was 
then performed using RU1968 (10 μM or 30 μM). RU1968 has been proven to be an effective 
inhibitor of CatSper channels in human sperm (chapter 4 of this thesis; Rennhack et al, 2018). 
69.6 + 5.9% of ‘oscillating’ cells continued to oscillate in the presence of 10 μM RU1968 
treatment (fig 5.1A).  In these cells, oscillation frequency was reduced by 38.3 + 0.01%, but 
amplitude was slightly increased (by 26.4 + 3.1%; n= 455 [Ca
2+
]i oscillations from 65 cells; 








Figure 5.1 CatSper blocker (RU1968F1 – 10M) inhibits [Ca
2+
]i oscillations frequency in 
human sperm cells, but not their amplitude. Panel (A) shows single cells traces (4 cells 
from different set of experiments). Black arrow indicates addition of 3 M progesterone; grey 
shading shows period of treatment with 10 M RU1968. Graphs show the frequency of 
[Ca
2+
]i oscillations occurrence per minute in the ‘oscillating’ population (B) and the amplitude 
of [Ca
2+
]i oscillations in sperm population (C) under the three conditions: progesterone alone 
(first bar), progesterone plus 10 M RU1968 treatment (second bar) and progesterone alone 
(third bar). Amplitude was calculated using the mean response of each [Ca
2+
]i oscillation 
considering the transient peak as 100% and bars show mean + SEM of 3 experiments. A 
[Ca
2+
]i oscillation was considered when reached at least 20% of the transient peak amplitude. 
Treatment groups that do not share a letter are significantly different according to one-way 
ANOVA followed by Tukey’s post-hoc (p<0.001). A total of 455 [Ca
2+
]i oscillations from 65 





Treatment with higher concentration 30 μM RU1968 was more effective than that 
observed with 10 μM RU1968. Only 7.8 + 2.2% of ‘oscillating’ cells continued to oscillate in 
the presence of 30 μM RU1968 (n=80 cells per treatment; p<0.01; fig. 5.2).  
 
 
Figure 5.2 Different concentrations of CatSper blocker (RU1968F1) affect the 
proportion of ‘oscillating’ population. Graph shows the proportion of ‘oscillating’ cells 
under 10 M RU1968 or 30 M RU1968 treatments. An ‘oscillating’ cells was considered 
when exhibited at least one [Ca
2+
]i oscillation with minimum of 20% of the transient peak 
amplitude. Bars show mean + SEM of 3 experiments. Treatment groups that do not share a 
letter are significantly different according to t-test (p <0.01). 
 
Interestingly, RU1968 inhibited both [Ca
2+
]i oscillations and basal Ca
2+
 activity. The 
frequency of [Ca
2+
]i oscillations was largely reduced by 91.2 + 0.01% and their amplitude by 
94.2 + 1.6% (n=213 [Ca
2+
]i oscillations from 35 cells; p<0.001; fig. 5.3). Furthermore, after 
the CatSper inhibitor removal, [Ca
2+









Figure 5.3 CatSper blocker (RU1968F1 – 30M) inhibits [Ca
2+
]i oscillations frequency 
and amplitude in human sperm cells. Panel (A) shows single cells traces (4 cells from 
different set of experiments). Black arrow indicates addition of 3 M progesterone; grey 
shading shows period of treatment with 30 M RU1968. Graphs show the frequency of 
[Ca
2+
]i oscillations occurrence per minute in the ‘oscillating’ population (B) and the amplitude 
of [Ca
2+
]i oscillations in sperm population (C) under the three conditions: progesterone alone 
(first bar), progesterone plus 30 M RU1968 treatment (second bar) and progesterone alone 
treatment (third bar). Amplitude was calculated using the mean response of each [Ca
2+
]i 
oscillation considering the transient peak as 100% and bars show mean + SEM of 3 
experiments. A [Ca
2+
]i oscillation was considered when reached at least 20% of the transient 
peak amplitude. Treatment groups that do not share a letter are significantly different 





5.3.2 Slo3 channels contribution to [Ca
2+
]i oscillations 
 CatSper channels are sensitive to changes in membrane potential (Darszon et al, 1999, 
2011; Lishko et al, 2012) and, as reported in chapter 3, membrane potential can control [Ca
2+
]i 





 current of human sperm (hKSper) (Santi et al, 2010; Brenker et al, 2014), which regulates 
plasma Vm. I investigated whether Slo3 are the principal channels involved in [Ca
2+
]i 
oscillations generation. After establishing the progesterone-induced [Ca
2+
]i oscillations for 20 
minutes, the Slo3 blocker (quinidine – 0.3 mM) was added to the sperm cells. Among the 
classic K
+
 channels blockers, quinidine has been shown to almost completely inhibit Slo3 





activity, in 100% of ‘oscillating’ cells (fig. 5.4A). Furthermore, unlike 
the effect of RU1968, when quinidine was removed, [Ca
2+
]i oscillations were not restored 
(n=135 [Ca
2+








Figure 5.4 Slo3 blocker (quinidine) completely inhibits [Ca
2+
]i oscillations generation in 
human sperm cells. Panel (A) shows single cells traces (4 cells from different set of 
experiments). Black arrow indicates addition of 3 M progesterone; grey shading shows 
period of treatment with 0.3 mM quinidine. Graphs show the frequency of [Ca
2+
]i oscillations 
occurrence per minute in the ‘oscillating’ population (B) and the amplitude of [Ca
2+
]i 
oscillations in sperm population (C) under the three conditions: progesterone alone treatment 
(first bar), progesterone plus quinidine treatment (second bar) and progesterone alone 
treatment (third bar). Amplitude was calculated using the mean response of each [Ca
2+
]i 
oscillation considering the transient peak as 100% and bars show mean + SEM of 3 
experiments. A [Ca
2+
]i oscillation was considered when reached at least 20% of the transient 
peak amplitude. Treatment groups that do not share a letter are significantly different 





Although quinidine treatment was greatly effective on blocking [Ca
2+
]i oscillations, I 
was not able to confirm the exclusive Slo3 channels participation on [Ca
2+
]i oscillations 
generation once previous patch clamp studies of human sperm revealed that quinidine and 
others K
+
 channel blockers, such as bupivacaine and clofilium, are not selective to Slo3 
channels but can also block CatSper currents (Mansell et al, 2014).  
 
5.3.3 Chloride ion contribution to [Ca
2+
]i oscillations 
Sperm incubated in Cl
−
 -free medium fail to undergo several of the processes 
associated with capacitation, including membrane hyperpolarisation (Hernandez-Gonzalez et 
al, 2007; Wertheimer et al, 2008). Although Cl
−
 ions are not a primary determinant of sperm 
membrane potential, Cl- flux may contribute directly or indirectly to regulation of Vm. 
Therefore, we aimed to investigate whether Cl
− 
ions contribute to generation of [Ca
2+
]i 
oscillations. Firstly, progesterone-induced [Ca
2+
]i oscillations were established for 20 minutes 
then standard saline (sEBSS) was replaced with nominally Cl
−
 -free medium and [Ca
2+
]i 
oscillations characteristics were analysed. Absence of extracellular Cl
−
 failed to abolish 
[Ca
2+
]i oscillations in any cell evaluated. Mean amplitude was not significantly altered by Cl
-
-
free conditions (n=298 [Ca
2+
]i oscillations from 22 cells; p<0.001; fig. 5.5) but mean [Ca
2+
]i 











]i oscillations frequency in sperm 
cells, but not their amplitude. Panel (A) shows single cells traces (4 cells from different set 
of experiments). Black arrow indicates addition of 3 M progesterone; grey shading shows 
period of treatment with Cl
−
 -free medium. Graphs show the frequency of [Ca
2+
]i oscillations 
occurrence per minute in the ‘oscillating’ population (B) and the amplitude of [Ca
2+
]i 
oscillations in sperm population (C) under the three conditions: progesterone alone treatment 
and standard sEBSS (first bar), Cl
−
 -free sEBSS (second bar) and readdition of standard 
sEBSS (third bar). Amplitude was calculated using the mean response of each [Ca
2+
]i 
oscillation considering the transient peak as 100% and bars show mean + SEM of 3 
experiments. A [Ca
2+
]i oscillation was considered when reached at least 20% of the transient 
peak amplitude. Treatment groups that do not share a letter are significantly different 










Cystic fibrosis transmembrane conductance regulators have been shown to be vital to 
sperm fertilising capacity and male fertility (Xu et al, 2007). To investigate contribution of 
CFTR to the generation of [Ca
2+
]i oscillations, progesterone-induced [Ca
2+
]i oscillations were 
established and subsequently the CFTR blocker (CFTR(inh)-172 - 10 M) was added to the 
sperm cells. CFTR(inh)-172 is a well-known selective CFTR antagonist (Muanprasat et al, 
2004). CFTR(inh)-172 did not affect the proportion of ‘oscillating’ cells or significantly alter 
any [Ca
2+













 channels were previously identified and characterised in human 
sperm cells by Orta and colleagues (2012). These channels are activated by increased [Ca
2+
]i 
which can occur due to influx through plasma membrane or release from intracellular stores. 
In order to investigate whether [Ca
2+
]i oscillations can regulate CaCCs and/or vice versa, I 
established progesterone-induced [Ca
2+
]i oscillations for 20 minutes and then added the 
CaCCs  blocker (niflumic acid, NFA - 30 M) to the sperm cells. Niflumic acid has been 
demonstrated to successfully block Cl
−
 channel in mammalian sperm (Espinosa et al, 1998; 
Balderas et al, 2012). Similarly to treatment with CFTR(inh)-172, niflumic acid did not affect 
the proportion of ‘oscillating’ cells or the characteristics of [Ca
2+
]i oscillations (frequency and 
amplitude; fig. 5.7).  However, [Ca
2+
]i oscillations amplitude was slightly reduced by 27.3 + 








Figure 5.6 CFTR channels blocker (CFTR(inh)-172) does not affect [Ca
2+
]i oscillations 
generation in human sperm cells. Panel (A) shows single cells traces (4 cells from different 
set of experiments). Black arrow indicates addition of 3 M progesterone; grey shading shows 
period of treatment with 10 M CFTR(inh)-172. Graphs show the frequency of [Ca
2+
]i 
oscillations occurrence per minute in the ‘oscillating’ population (B) and the amplitude of 
[Ca
2+
]i oscillations in sperm population (C) under the three conditions: progesterone alone 
treatment (first bar), progesterone plus 10 M CFTR(inh)-172 treatment (second bar) and 
progesterone alone treatment (third bar). Amplitude was calculated using the mean response 
of each [Ca
2+
]i oscillation considering the transient peak as 100% and bars show mean + SEM 
of 3 experiments. A [Ca
2+
]i oscillation was considered when reached at least 20% of the 
transient peak amplitude. Treatment groups with the same letters are not significantly 











 channels blocker (niflumic acid –NFA) does not affect 
[Ca
2+
]i oscillations generation in human sperm cells. Panel (A) shows single cells traces (4 
cells from different set of experiments). Black arrow indicates addition of 3 M progesterone; 
grey shading shows period of treatment with 30 M NFA. Graphs show the frequency of 
[Ca
2+
]i oscillations occurrence per minute in the ‘oscillating’ population (B) and the amplitude 
of [Ca
2+
]i oscillations in sperm population (C) under the three conditions: progesterone alone 
treatment (first bar), progesterone plus 30 M NFA treatment (second bar) and progesterone 
alone treatment (third bar). Amplitude was calculated using the mean response of each [Ca
2+
]i 
oscillation considering the transient peak as 100% and bars show mean + SEM of 3 
experiments. A [Ca
2+
]i oscillation was considered when reached at least 20% of the transient 
peak amplitude. Treatment groups with the same letters are not significantly different 








 signalling is critical for regulation of sperm motility and in human spermatozoa is 
mainly mediated by influx of extracellular Ca
2+
 through CatSper activation. Progesterone, 
released by the cumulus cells layer surrounding the oocyte, can activate CatSper channels and 
typically induces a rapid and biphasic Ca
2+
 entry into spermatozoa (Blackmore et al, 1990; 
Meizel and Turner, 1991, Kirkman-Brown et al, 2000). In chapter 3, I showed that 
approximately a quarter of the sperm cell population exhibits cyclical progesterone-induced 
[Ca
2+
]i oscillations instead of the typical long-lasting plateau phase, that these oscillations are 
generated in the flagellar principal piece and that membrane potential contributes to their 
generation. Both the dependence on membrane potential and the initiation of oscillations in 
the flagellum suggest that CatSper plays a role in these signals. In our experiments, treatment 
with CatSper blocker (RU1968) inhibited oscillations in 92.2 + 2.2% of ‘oscillating’ cells and 
strongly reduced the frequency of oscillations in those cells where oscillations persisted (fig. 
5.2), confirming the contribution of CatSper to progesterone-induced [Ca
2+
]i oscillations 
generation.            
 If generation of oscillations involves changes in membrane potential, it must involve 
the mechanisms that control Vm. Navarro and colleagues (2007) showed that K
+
 current, 
IKSper, is crucial to set Vm in mouse spermatozoa and, consequently, could regulate other Vm-
dependent channels such as CatSper. Later, it was demonstrated that IKSper in both mouse and 
human sperm is carried by the sperm-specific Slo3 channel and mutations on Slo3 gene cause 
infertility in male mice, mainly to defects in sperm motility (Santi et al, 2010; Zeng et al, 
2011, Brenker et al, 2014). Chávez and colleagues (2014) showed that Slo3 modulates Ca
2+
 
influx into sperm through the sperm-specific Ca
2+
 channel, CatSper, suggesting they may be 




(which potently blocks Slo3 but has little effect on Slo1 at the dose used; Tang et al, 2010), 
abolished [Ca
2+
]i oscillations in all ‘oscillating’ cells (fig. 5.4), consistent with the idea that 
Slo3 plays a key role in this process. However, patch clamp studies of human sperm revealed 
that quinidine Slo3 channels can also block CatSper currents (Mansell et al, 2014). Therefore 
the potent effect of quinidine on [Ca
2+
]i oscillations may be due to its action on both ion 
channels.           
 The contribution of Cl
−
 fluxes to the modulation of plasma membrane potential in 
sperm cells is not yet clear. Sperm incubated in medium where Cl
− 
was replaced by non-
permeable anions showed no changes in its resting membrane potential (Hernandez-Gonzalez 
et al, 2007). However, in spermatozoa incubated in the absence of extracellular Cl
− 
most of 
capacitation-associated processes are inhibited, including membrane hyperpolarisation 
(Hernandez-Gonzalez et al, 2007; Wertheimer et al, 2008). I showed that replacing standard 
saline with Cl
− 
free medium did not completely abolished [Ca
2+
]i oscillations in any cell 
evaluated, although the frequency of oscillations was reduced by 56.7 + 0.02% (fig. 5.5), 
suggesting the Cl
− 
anions may contribute to [Ca
2+
]i generation but are not essential. Several 
studies have reported the presence of cystic fibrosis transmembrane conductance regulator 
(CFTR) in both human and mouse sperm (Chan et al, 2006; Hernandez-Gonzalez et al, 2007; 
Xu et al, 2007; Li et al, 2010). CFTRs  play role in sperm physiology by regulating pHi and 
Vm, directly through Cl
−
 carriage across plasma membrane or indirectly through its interplay 
with other ion channels (Hernandez-Gonzalez et al, 2006; 2007) and have been shown be vital 
to sperm fertilising capacity and male fertility (Xu et al, 2007). However, our data showed 
that the CFTR blocker (CFTR(inh)-172) did not affect the proportion of ‘oscillating’ cells or 
alter the characteristics of [Ca
2+
]i oscillations, such as frequency and amplitude (fig. 5.6). Orta 








spermatozoa and these channels are known to be activated by increased [Ca
2+
]i which can 
occurred due to release from intracellular stores or influx through plasma membrane. Studies 
with CaCCs blocker (niflumic acid - NFA) showed that NFA inhibits mouse and human 





 in mouse spermatozoa (Espinosa et al, 1998; Orta et al, 2012; Figueiras-
Fierro et al, 2013). However, our data showed that NFA has no effect on the proportion of 
‘oscillating’ cells or on [Ca
2+
]i oscillation frequency or amplitude (fig. 5.7). Therefore, further 
investigations need to be performed to understand the contribution of Cl
−
 fluxes to generation 
of [Ca
2+
]i oscillations.          
 A tentative model generation for [Ca
2+
]i oscillations is shown in fig 5.8. Progesterone 
induces opening of CatSper in the flagellum and consequent Ca
2+
 influx. The increase of 
[Ca
2+
]i opens Slo3 channels, inducing efflux of K
+
, which cause hyperpolarisation of 
membrane potential, overcoming the effect of progesterone (Lishko et al, 2011) to cause 




 sequestration mechanisms at the 
plasma and store membranes now re-establish Ca
2+
 concentration in the cytosol. Low 
intracellular Ca
2+ 
allows Slo3 to close and, membrane potential is restored to its resting value. 
In the continuing presence of progesterone CatSper re-opens again allowing Ca
2+
 influx and 
the cycle restarts (fig. 5.8). Our suggestion is supported by previous studies that shows that 
periodic changes in membrane potential may lead to cyclical activation of voltage dependent 
Ca
2+
- influx pathways and, consequently, generates [Ca
2+
]i oscillations (Lieste et al, 1998). 
Also, the potential interplay between Slo3 channels and CatSper channels has been already 
previously suggested by other researchers (Brenker et al, 2014; Chávez et al, 2014).  
 It is important to note that the flagellar (CatSper-mediated) [Ca
2+
]i signal propagates 
forwards and actively invades the sperm head. [Ca
2+




neck and head of the sperm were greater than in the flagellum (despite the fact that 
cytoplasmic volume at the neck/head greatly exceeds that in the flagellum and therefore Ca
2+
 
passively diffusing forward will be greatly diluted) and this enhanced signal must be achieved 
by further Ca
2+




 release (CICR) from 
intracellular stores. Interventions that target Ca
2+
 store mobilisation completely inhibit [Ca
2+
]i 
oscillations in somatic cells (where oscillations dependent on cyclical emptying/refilling of 
intracellular Ca
2+
 stores are independent of Vm; Berridge, 1993) but in human sperm 
oscillations, though affected, are less sensitive (Harper et al, 2004; Mata-Martinez et al, 
2018). 
 
Figure 5.8 Proposed model for [Ca
2+
]i oscillations generation in human sperm cells. 
Green colour represents the mechanism of the transient peaks generation: in the presence of 
progesterone, CatSper is activated and [Ca
2+
]i increases, which potentially triggers 
mobilisation of Ca
2+




 release (CICR) system. The 
increase of [Ca
2+
]i opens Slo3 channels, inducing efflux of K
+
, causing hyperpolarisation of 
membrane potential and consequently closes CatSper. Orange colour represents the 
mechanism of the peak decay: Ca
2+
 stores depletion activates Ca
2+
 sequestration mechanisms 
and re-establishes Ca
2+
 concentration in cytosol. Low concentration of intracellular Ca
2+
 
closes Slo3, membrane potential is restored and CatSper, in the presence of progesterone, 
opens again promoting increase of [Ca
2+







CHAPTER SIX: INVESTIGATION OF THE MECHANISM BY WHICH SKF-96365 
MODULATES THE GENERATION OF [Ca
2+














release (Costello et al, 2009; Correia et al, 2015). The depletion of intracellular 
Ca
2+
 stores triggers the opening of store operated channels (SOCs) at the plasma membrane in 
a process termed store operated Ca
2+
 entry (SOCE). The contribution of SOCE in the response 
of human sperm to progesterone remains unclear. I aimed to investigate the participation of 
Ca
2+
 stores in generating Ca
2+
 oscillations in human sperm through the modulation of SOCE 
system using SKF-96365 as a pharmacological tool. Application of SKF-96365 after addition 
of progesterone increased the amplitude of [Ca
2+
]i oscillations previously generated by P4 and 
also induced [Ca
2+
]i oscillations in cells in which P4 was not effective. Furthermore, SKF-
96365 per se increases [Ca
2+
]i in a concentration-dependent manner and also induces [Ca
2+
]i 
oscillations in 56 + 9.4% of sperm cell population with faster frequency than progesterone-
induced ones. SKF-induced [Ca
2+
]i oscillations are sensitive to changes in membrane 
potential, both hyperpolarisation and depolarisation. Moreover, experiments with CatSper 
inhibitor RU1968 (30 M) showed that both transient peak and [Ca
2+
]i oscillations promoted 
by SKF-96365 was completely inhibited, suggesting an association with the drug and the Ca
2+
 
channel. In addition, unlike the effect of progesterone, induction of [Ca
2+
]i oscillations by 
SKF-96365 action was dependent on sperm capacitation. More experiments need to be 

































In sperm cells, alterations in [Ca
2+
]i is a modulatory mechanism for many of the key 
steps that lead to fertilisation, including switching of flagellar beat pattern and swimming 
behaviour (Publicover et al, 2007; Costello et al, 2009). [Ca
2+
]i signalling in human 
spermatozoa is mediated primarily by influx of extracellular Ca
2+
, mainly through CatSper 
activation. However, the [Ca
2+
]i changes promoted by CatSper activation are not limited to 
the initial region and propagates through the sperm midpiece and head within a few seconds. 
The proposed model is that Ca
2+
 from the flagellum diffuses forward, raising [Ca
2+
]i at the 






release (CICR) (Correia et al, 
2015). Inositol trisphosphate receptors (IP3Rs), ryanodine receptors (RyRs) and sarcoplasmic-
endoplasmic reticulum Ca
2+
-ATPases and secretory pathway Ca
2+
-ATPases have been 
localised to the acrosome and the mid-piece of human sperm cells (Ho and Suarez, 2001; 
Naaby-Hansen et al, 2001; Ho and Suarez, 2003; Harper et al, 2004; Park et al, 2011). Though 
sperm cells do not exhibit an endoplasmic reticulum (ER), which is the main Ca
2+
 storage 
organelle in somatic cells, other membranous structures may act as releasable Ca
2+
 stores, 
such as the acrosome (surrounding the anterior nucleus), mitochondria (in the midpiece) and 
some irregular membranous structures in the sperm neck (Costello et al, 2009). The depletion 
of intracellular Ca
2+
 stores triggers the opening of store operated channels (SOCs) at the 
plasma membrane in a process termed store operated Ca
2+
 entry (SOCE). The linking 
pathway between Ca
2+
 stores and Ca
2+
 channels at plasma membrane, involves two 
transmembrane proteins families: stromal interacting molecules (STIM), localised at the 
membrane of Ca
2+
 stores, and Orai, localised at the plasma membrane (Liou et al, 2005; 




sperm neck region, but the role of SOCE system to the Ca
2+
 response induced by progesterone 
in human spermatozoa is still speculative. 
SKF-96365 was originally identified as a calcium channel blocker of receptor-
mediated calcium entry, mainly of transient receptor potential canonical type (TRPC) 
channels, and more recently it has been used as a STIM1 protein blocker. In chapter 5, I 
suggested that [Ca
2+
]i oscillations starts in sperm flagellum and potentially triggers calcium-
induced calcium release, which consequently causes Ca
2+ 
depletion in stores. SOCE system 
may be then activated in order to restore cytosolic [Ca
2+
]i levels through mediation of Ca
2+
 
influx in the plasma membrane, contributing for  [Ca
2+
]i oscillations maintenance. In the 
present chapter, I used SKF-96365 as a pharmacological tool to investigate the participation 
of Ca
2+
 stores in generating Ca
2+



















 The aim of this chapter was to investigate the contribution of SOCE system 
components for the generation of progesterone-induced [Ca
2+
]i oscillations in human sperm. 
For that I used SKF-96365 as an inhibitor of STIM proteins. I assessed SKF-96365 effects on 
intracellular Ca
2+ 
response through different techniques and also its action on Ca
2+
 responses 























6.3.1 SKF-96365 induces/enhances [Ca
2+
]i oscillations in cells pre-treated with 
progesterone 
 
In order to investigate the contribution of SOCE system to [Ca
2+
]i oscillations 
generation in human spermatozoa, progesterone-induced [Ca
2+
]i oscillations were established 
for 20 minutes, then the STIM protein blocker (SKF-96365 – 30 M) was added to the sperm 
cells. Surprisingly, treatment with SKF-96365 after addition of progesterone showed that the 
drug actually enhances [Ca
2+
]i oscillations previously generated by progesterone treatment 
(fig. 6.1A). The frequency and amplitude of [Ca
2+
]i oscillations was two times larger after 
subsequent treatment with SKF-96365 (n= 359 [Ca
2+
]i oscillations from 35 cells; p<0.001; 
figs. 6.1C and 6.1D). Furthermore, SKF-96365 also generates [Ca
2+
]i oscillations in cells in 












Figure 6.1 SKF-96365 induces or enhances [Ca
2+
]i oscillations in cells pre-treated with 
progesterone. Panels show single cells traces (4 cells from different set of experiments): SKF 
96365 enhancing progesterone pre-induced [Ca
2+
]i oscillations (A) and generating [Ca
2+
]i 
oscillations (B). Black arrow indicates addition of 30 M SKF-96365; grey shading shows 
period of treatment with 3 M progesterone. A total of 359 [Ca
2+







Figure 6.1 SKF-96365 induces or enhances [Ca
2+
]i oscillations in cells pre-treated with 
progesterone. Graphs show the frequency of [Ca
2+
]i oscillations occurrence per minute in the 
‘oscillating’ population (C) and the amplitude of [Ca
2+
]i oscillations in sperm population (D) 
under progesterone (P4) alone (first bar) and progesterone plus SKF-96365 (SKF) treatment 
(second bar). Amplitude was calculated using the mean response of each [Ca
2+
]i oscillation 
considering the transient peak as 100% and bars show mean + SEM of 3 experiments. A 
[Ca
2+
]i oscillation was considered when reached at least 20% of the transient peak amplitude. 
Treatment groups that do not share a letter are significantly different according to t test 
(p<0.001). A total of 359 [Ca
2+
]i oscillations from 35 cells were analysed. 
 
 
6.3.2 SKF-96365 per se induces [Ca
2+
]i oscillations in human spermatozoa 
 
As SKF-96365 stimulates pre-induced [Ca
2+
]i oscillations generated by progesterone, I 
decided to investigate whether SKF-96365 would induce [Ca
2+
]i oscillations per se. Firstly, to 
assess the optimal concentration of SKF-96365 to be used in subsequent assays, I performed a 
SKF-96365 concentration curve of Ca
2+
 response. Sperm cells were labelled with Ca
2+
 
indicator fluo4-AM and then exposed to different concentrations of the drug: 1.87 M, 3.75 
M, 7.5 M, 15 M, 30 M, 60 M and 120 M. Ca
2+
 response amplitude was analysed in 
suspended cell populations using a fluorimeter. SKF-96365 induced an increase of [Ca
2+
]i in a 




30 M (increase in fluorescence at 30 and 60 M was 54.8 + 14.2%, 58.4 + 10.5% 
respectively but at 120 M a further increase occurred. I decided to use 30 M in imaging 
assays since it showed a similar effect as 60 M. The further increase at 120 M suggested 
that at this concentration the drug could be affecting other molecular targets. 
 
 
Figure 6.2 SKF-96365 induces a transient Ca
2+
 response in a concentration-dependent 
manner in the whole sperm cell population. Panel (A) shows the dose dependent transient 
induced by SKF-96365. Graph was generated from the average of experiments performed in 






Figure 6.2 SKF-96365 induces a transient Ca
2+
 response in a concentration-dependent 
manner in the whole sperm cell population. (B) Histogram was generated from the average 
of experiments performed in duplicate and repeated three times independently, under 
fluorimeter. Treatment groups with the same letters were not significantly different according 
to one-way ANOVA followed by Tukey’s post-hoc (p<0.001). 
 
Single-cell imaging experiments showed that SKF-96365 promotes an immediate 
transient Ca
2+
 peak with approximately half amplitude of the subsequent transient induced by 
progesterone (n= 54 cells; p>0.001; figs. 6.3A and 6.3B). Interestingly, SKF-96365 also 
induces cyclical [Ca
2+
]i oscillations in a large cell population 56 + 9.4%. [Ca
2+
]i oscillations 
induced by SKF-96365 are faster than the ones induced by progesterone (n= 654 [Ca
2+
]i 
oscillations from 54 cells; p>0.05; figs. 6.3A and 6.3C), but their amplitude have similar size 








Figure 6.3 SKF-96365 per se induces [Ca
2+
]i oscillations in human spermatozoa. Panel 
(A) shows single cells traces (4 cells from different set of experiments). Grey shading shows 
period of superfusion with 3 M progesterone; black arrows indicates addition/removal of 30 
M SKF-96365. Graphs show the amplitude of transient peak (B) and frequency (C) and 
amplitude (D) of [Ca
2+
]i oscillations induced by SKF-96365 (SKF) and progesterone (P4). 
Amplitude was calculated using the mean response of each [Ca
2+
]i oscillation considering the 
progesterone-induced transient peak as 100% and bars show mean + SEM of 3 different 
experiments. A [Ca
2+
]i oscillation was considered when reached at least 20% of the transient 
peak amplitude. Bars that do not share a letter are significantly different according to t-test 
(p<0.05). A total of 654 [Ca
2+









]i oscillations are sensitive to membrane 
hyperpolarisation 
 
Since responses promoted by SKF-96365 and progesterone appeared very similar, I 
decided to analyse whether SKF-induced [Ca
2+
]i oscillations were also sensitive to changes in 
membrane potential as progesterone-induced ones (see in chapter 3). After establishing SKF-
induced [Ca
2+
]i oscillations for 20 minutes, 1 M valinomycin, to bring Vm Ek to -79 mV, 
was added to the sperm cells. Membrane hyperpolarisation completely inhibited [Ca
2+
]i 
oscillations in 69.8% of cell population. Similarly to the progesterone experiments, in the sub-
population of cells in which oscillations persisted the frequency of [Ca
2+
]i oscillations was 
much lower (0.03 + 0.01 cpm compared to 0.32 + 0.01 cpm; n= 583 [Ca
2+
]i oscillations from 
53 cells; p>0.001; fig. 6.4B). Amplitude of [Ca
2+
]i oscillations after hyperpolarisation was 
also affected: reduction of 86.5 + 2.3% (n= 583 [Ca
2+
]i oscillations from 53 cells; p>0.001; 
fig. 6.4C). Restoring Vm allowed recovery of the frequency and the amplitude of [Ca
2+
]i 










Figure 6.4 Hyperpolarisation inhibits the frequency and amplitude of SKF-induced 
[Ca
2+
]i oscillations. Panel (A) shows single cells traces (4 cells from different set of 
experiments). Grey shading shows period of superfusion with valinomycin (Vm EK = -79 
mV); black arrow indicate addition of 30 M SKF-96365. Graphs show the frequency of 
[Ca
2+
]i oscillations occurrence per minute in the ‘oscillating’ population (B) and the amplitude 
of [Ca
2+
]i oscillations in sperm population (C) under the three conditions: SKF alone 
treatment and regular Vm (first bar), hyperpolarisation Vm EK = -79 mV (second bar) and 
restored Vm (third bar). Amplitude was calculated using the mean response of each [Ca
2+
]i 
oscillation considering the initial transient peak as 100% and bars show mean + SEM of 3 
experiments. A [Ca
2+
]i oscillation was considered when reached at least 20% of the initial 
transient peak amplitude. Treatment groups with the same letters were not significantly 
different according to one-way ANOVA followed by Tukey’s post-hoc (p<0.001). A total of 
583 [Ca
2+







]i oscillations are sensitive to membrane depolarisation 
 
To evaluate whether membrane depolarisation also affects SKF-induced [Ca
2+
]i 
oscillations, combination of 1 M valinomycin + 100 mM K
+ 
EBSS (estimated Vm EK = -4 
mV) was superfused to the sperm cells, after pre-establishment of [Ca
2+
]i oscillations. The 
proportion of cells that continued oscillating upon depolarisation was greatly reduced by 95.8 
%. Unlikely to the observed with progesterone-induced [Ca
2+
]i oscillations (chapter 3), 
membrane depolarisation had great effect on rate of generation of SKF-induced [Ca
2+
]i 
oscillations. Frequency was reduced by 99.2 + 0.01% and amplitude in oscillating cells 
decreased by 97.7 + 1.7% (n=132 [Ca
2+
]i oscillations from 24 cells; p<0.001; figs. 6.5B and 























Figure 6.5 Depolarisation inhibits the frequency and amplitude of SKF-induced [Ca
2+
]i 
oscillations. Panel (A) shows single cells traces (4 cells from different set of experiments). 
Grey shading shows period of superfusion with valinomycin/100 mM K
+ 
(Vm EK = -4 mV); 
black arrow indicate addition of 30 M SKF-96365. Graphs show the frequency of [Ca
2+
]i 
oscillations occurrence per minute in the ‘oscillating’ population (B) and the amplitude of 
[Ca
2+
]i oscillations in sperm population (C) under the three conditions: SKF alone treatment 
and regular Vm (first bar), depolarisation Vm EK = -4 mV (second bar) and restored Vm 
(third bar). Amplitude was calculated using the mean response of each [Ca
2+
]i oscillation 
considering the initial transient peak as 100% and bars show mean + SEM of 3 experiments. 
A [Ca
2+
]i oscillation was considered when reached at least 20% of the initial transient peak 
amplitude. Treatment groups with the same letters were not significantly different according 
to one-way ANOVA followed by Tukey’s post-hoc (p<0.001). A total of 132 [Ca
2+
]i 







]i oscillations are dependent of CatSper channels 
 
The evidence that SKF-96365 per se promotes cyclic changes of [Ca
2+
]i in human 
sperm and also causes higher amplitudes in [Ca
2+
]i oscillations previously induced by 
progesterone, suggests that the drug may have other molecular targets than STIM in human 
spermatozoa. I decided to evaluate whether SKF-96365 may be associated to a binding site of 
CatSper channels, such as progesterone. I performed experiments pre-treating spermatozoa 
with CatSper inhibitor RU1968 (30 M) and then adding SKF-96365 (30 M) to evaluate 
whether the usual Ca
2+
 transient peak promoted by SKF-96365 could also be inhibited by 
CatSper blocker. Figure 6.6 shows that the SKF-induced [Ca
2+
]i transient peak was 
completely inhibited in the presence of CatSper inhibitor in 88 + 0.6% of the cells, suggesting 
that the drug acts on the CatSper channel. Moreover, when RU1968 was added after SKF-
96365 stimulation, SKF-induced [Ca
2+
]i oscillations were also completely inhibited in 95 + 
0.5% of the cell population (fig. 6.7). Differently to what observed in progesterone treatment 
(chapter 5, figure 5.3) after removal of the CatSper inhibitor 27.6% of cells did not show 
recovery of [Ca
2+







Figure 6.6 RU1968 completely inhibits initial [Ca
2+
]i transient induced by SKF-96365. 
Panel shows single cells traces of different set of experiments. Grey shading shows addition 
of RU1968 (30 M), black arrows show addition/removal of SKF96396 (30 M). [Ca
2+
]i 
transient peak was recovered when RU1968 was removed. Histogram is an average of the 
Ca
2+
 response intensity of 63 sperm cells obtained in three independent experiments. 
 
 
Figure 6.7 RU1968 completely inhibits [Ca
2+
]i oscillations induced by SKF-96365. Panel 
shows single cells traces of different set of experiments. Grey shading shows addition of 
RU1968 (30 M), black arrow shows addition of SKF96396 (30 M). [Ca
2+
]i oscillations 
were mostly recovered when RU1968 was removed. Histogram is an average of the Ca
2+
 






]i oscillations are dependent of sperm capacitation 
 
In the attempt to further understand whether SKF-96365 induces [Ca
2+
]i oscillations 
through the same mechanism as progesterone, I also investigated if sperm capacitation was 
important to SKF action. As showed in chapter 3, the proportion of ‘oscillating’ cells induced 
by progesterone was not affected when cells were not previously capacitated (fig. 6.8A). On 
the other hand, although the SKF-induced Ca
2+
 transient was not altered, the proportion of 
cells exhibiting [Ca
2+
]i oscillations after SKF-96365 stimulation was greatly inhibited by the 




Figure 6.8 SKF-induced ‘oscillating’ population is dependent of sperm capacitation. (A) 
Graph represents the percentage of cells that exhibits [Ca
2+
]i oscillations after SKF-96365 or 
progesterone stimulation in non-capacitated and capacitated sperm cells. Bars with the same 
letters were not significantly different according to two-way ANOVA followed by 






Figure 6.8 SKF-induced ‘oscillating’ population is dependent of sperm capacitation. 
Panel (B) shows single cells traces of different set of experiments. Black arrow shows 
















SKF-96365 is a classic drug used to inhibit store operated Ca
2+
 entry (SOCE), which 
is a system activated by Ca
2+ 
depletion in stores. I aimed to investigate whether the blockade 
of STIM1 protein would inhibit the maintaining of [Ca
2+
]i oscillations induced by 
progesterone and confirming the contribution of Ca
2+
 stores for their generation. Surprisingly, 
treatment with SKF-96365 after pre-establishment of progesterone-induced [Ca
2+
]i 
oscillations showed that the drug actually enhances [Ca
2+
]i oscillations and also generates 
[Ca
2+
]i oscillations in cells in which progesterone was not effective (fig. 6.1). Reducing the 
Ca
2+
 entry through the blockade of SOCE system may share similar behaviour reported by 





]i oscillations were clearly enlarged and faster. However, further 
experiments showed that SKF-96365 per se induces a concentration-dependent increase of 
[Ca
2+
]i in the sperm cell population (fig. 6.2) and single-cell imaging experiments showed that 
SKF-96365 also promotes cyclical [Ca
2+
]i oscillations in sperm cells (fig. 6.3), suggesting that 
SKF-96365 probably has another molecular target in human spermatozoa as [Ca
2+
]i 
oscillations induced by the drug could not be explained by the classical model: blockade of 
SOCE causes inhibition of Ca
2+
 influx in the plasma membrane and refilling of Ca
2+
 stores. 
 Several studies indicate that SKF-96365 mechanism of action has not been entirely 
elucidated: Schwarz and colleagues (1994) demonstrated that SKF-96365 induces increase of 
[Ca
2+
]i but can also block K
+
 currents; Merritt and colleagues (1990) suggested that the drug 
affects high voltage activated (HVA) Ca
2+
 channels and Mason and colleagues (1993) showed 
that SFK96365 also inhibits sarcoplasmic reticulum Ca
2+
-ATPase; in the literature there is 




channels in sperm (Hirohashi and Vacquier, 2003) however, only few studies were performed 
to assess SKF-96365 effects in mammalian sperm: Krasznai and colleagues (2006) showed 
that SKF-96365 decreases human sperm motility and Trevino and colleagues (1996) 
demonstrated that the drug inhibits [Ca
2+
]i increase induced by maitotoxin.  My data indicate 
that Ca
2+ 
responses promoted by SKF-96365 and progesterone are very similar. Progesterone-
induced and SKF-induced [Ca
2+
]i oscillations have both shown to be dependent of membrane 
potential and CatSper activity (see chapter 3 and 5; figs. 6.3 – 6.7). However, SKF-induced 
[Ca
2+
]i oscillations are dependent of sperm capacitation but not progesterone-induced ones 
(fig. 6.8), which could be explained as progesterone might act at additional molecular targets 
as it has be shown that it can accelerate and induce sperm capacitation in previous studies 
(Foresta et al, 1992; Sumigama et al, 2015; 2017). Further investigations are necessary in 
order to clarify the SKF-96365 mechanism of action in human spermatozoa, mainly to 














CHAPTER SEVEN: PHYSIOLOGICAL ROLE OF [Ca
2+







]i oscillations are dependent of CatSper activity and may 
be involved in the ‘switching’ of sperm swimming behaviour, which is crucial for a 
successful fertilisation. The aim was to investigate the physiological role of [Ca
2+
]i 
oscillations in regulating sperm behaviour and ability to penetrate viscous medium. Fluo-4-
labelled free-swimming cells stimulated with progesterone were tracked in low (sEBBS) and 
high (sEBBS + 1% methylcellulose, 4000 cp) viscosity environments. My data showed that 
correlation between [Ca
2+
]i oscillations, sperm velocity and ‘switching’ of swimming 
behaviour behavior occurred in both environments. Moreover, changes in motility associated 
with [Ca
2+
]i oscillations determined attachment/detachment to the substrate. Inhibition of 
CatSper activity blocked [Ca
2+
]i oscillations (see chapter 5) and associated behaviour  in both 
standard saline and high viscosity medium. Sperm velocity was reduced and cells turned 
continuously or arrested, becoming non-progressive. Superfusion with high viscosity medium 
(4000 cp) induces a transient [Ca
2+
]i increase followed by oscillations with similar 
characteristics to the progesterone-induced ones and also dependent of CatSper channel 
activity. To assess the impact of CatSper in regulating sperm ability to penetrate viscous 
medium, spermatozoa were treated with different concentrations of RU1968 alone or in the 
presence of progesterone. RU1968 alone (10, 20, 30 and 50 μM) inhibited sperm penetration 
into methylcellulose. Furthermore, all RU1968 concentrations tested inhibited the 




also inhibited sperm penetration into artificial mucus induced by progesterone, mainly by 
modifying sperm velocity. Collectively, our data suggests that [Ca
2+
]i oscillations induces 
‘switching’ on sperm swimming behaviour and that CatSper channels might be crucial in 

























To guarantee fertilisation, sperm must be able to modify its behaviour, which involves 
the transition from a linear, progressive, low-amplitude and symmetrical flagellar beating 
swimming state (Suarez et al, 1983) to hyperactivated motility with increased amplitude of 
the flagellar curvature and asymmetrical flagellar beating (Morales et al, 1988; Yanagimachi, 
1994; Ho et al, 2002). Sperm hyperactivated motility is required for progression up the 
oviduct (Stauss et al, 1995; Ho and Suarez, 2001; Quill et al, 2003) and may provide the 
driving force necessary for the sperm cell to detach from the oviductal epithelium (Demott 
and Suarez, 1992; Ho and Suarez, 2001; Suarez and Ho, 2003). Also hyperactivated motility 
enhances the ability of sperm to penetrate through cervical mucus, the oviduct fluids, the 
cumulus cells layer and zona pellucida of the oocyte (Rathi et al, 2001; Suarez, 2008; Darszon 
et al, 2011; Alasmari et al, 2013).  
The molecular mechanism by which sperm behavior is regulated is still being 
elucidated but it is generally accepted that it is a calcium-dependent phenomenon. Studies 
have shown that bursts of hyperactivated motility are associated with an elevation in [Ca
2+
]i 
(Yanagimachi, 1988, 1994). In mouse sperm hyperactivation occurs in parallel with an 
increase of flagellar Ca
2+
 during capacitation (Suarez and Dai, 1995; Ho and Suarez, 2001) 
and it can be induced by treatment with Ca
2+ 
ionophores, such as A23187 or ionomycin 
(Suarez et al, 1992; Marquez and Suarez, 2006). The main Ca
2+
 source for induction of 
hyperactivated motility is from the extracellular environment and the sperm-specific flagellar 
CatSper channel has been suggested to regulate the influx of Ca
2+
 through the plasma 
membrane and, thereby, could be involved in the regulation of swimming behaviour 




hyperactivate, showing defects on flagellar beat frequency and low bend amplitude, 
suggesting the importance of this channel to swimming behaviour (Carlson et al, 2003, 2005). 
Furthermore, in chapter five, I demonstrated that CatSper channels activity also leads to 
generation of [Ca
2+
]i oscillations, which may underlie repeated switching of sperm behaviour. 
 Until the present moment, there are no studies showing the co-relation between 
progesterone-induced [Ca
2+
]i, the behaviour exhibited by the sperm or the ability of the sperm 
to penetrate viscous medium. Here I have examined [Ca
2+
]i and motility in free-swimming 

















The aims of this chapter were to investigate whether progesterone-induced [Ca
2+
]i 
oscillations occur in free-swimming cells and are associated with (and responsible for) 
switching of sperm behaviour, which may drive its ability to penetrate viscous medium. 
Additionally, I also aimed to assess the contribution of CatSper channels activity to these 





















]i oscillations occur in free-swimming sperm cells  
Single-cell imaging data presented in the previous chapters were all obtained in 
immobilised human spermatozoa at 25
o
C, which are the usual experimental conditions for 
sperm studies. I have shown that progesterone-induced [Ca
2+
]i transient peak often induces 
the occurrence of large [Ca
2+
]i oscillations in part of cell population, which are believed to 
play a role in regulating motility (Harper et al, 2004; Bedu-Addo et al, 2008) and acrosome 
reaction (Mata-Martinez et al, 2018). However, whether such oscillations occur in free-
swimming cells is unknown. I have used time-lapse, fluorescence imaging of free-swimming 
human sperm to determine (a) whether [Ca
2+





(b) whether they modify motility of the cell. Results showed that [Ca
2+
]i oscillations occur in 
free-swimming spermatozoa and the proportion of ‘oscillating’ population in immobilised or 
free-swimming sperm cells is similar, approximately 25% (table 7.1). However, the amplitude 
of [Ca
2+
]i oscillations was about three times higher when cells were allowed to swim freely 
than when they were attached to coverslip (p<0.001; table 7.1). Similarly to immobilised 
cells, higher temperatures increased the frequency of [Ca
2+
]i oscillations and consequently 


































]i oscillations amplitude 

































































C) in immobilised and free-swimming sperm cells. Table shows a comparison of [Ca
2+
]i 
oscillations parameters detected in sperm cells under different techiniques and temperatures. 
Data for immobilised cell at 31
o
C were analised from experiments performed by Dr. Claire V. 
Harper. Statistics were conducted between immobilised cells and free-swimming and also 




C for each parameter analysed. Groups that do not 
share a letter are significantly different according to two-way ANOVA followed by 





]i oscillations drives velocity/detachment in human spermatozoa  
 Initially I incubated cells at 25
o
C and captured fluorescence images at 3 Hz, enabling 
us to identify cells in which [Ca
2+
]i oscillations occurred and to relate the sperm’s behaviour 
to the changes in [Ca
2+
]i. I observed switching of sperm behaviour which was clearly related 
to the changing [Ca
2+
]i. Fig. 7.1 shows the correlated changes in [Ca
2+
]i (blue) and velocity 
(red) in a cell that was tracked for almost 10 min. Large [Ca
2+
]i oscillations are clearly visible 
and as [Ca
2+
]i decays after each oscillation peak the cell slows down, such that velocity 




Development of another [Ca
2+
]i oscillation, and consequent increase in speed, allows the 
sperm to detach from the coverslip and swim. Plotting of velocity against [Ca
2+
]i (fig. 7.1 
inset) shows a [Ca
2+
]i threshold, above which velocity increases when the cell is detached. 
Thus under these conditions [Ca
2+
]i oscillations controls attachment/detachment from the 
substrate in human sperm cells. This switching of sperm behaviour occurs repeatedly 
following the cyclic generation of [Ca
2+
]i oscillations (fig. 7.1). Similar behaviour between 
[Ca
2+





]i oscillations drives velocity in human spermatozoa. Panel (A) shows 
overlay of the fluorescent intensity (blue) and velocity (red) of individual cells (velocity 
values were multiplied by 1000 to facilitate overlay plotting). Progesterone-induced [Ca
2+
]i 
oscillations increase velocity and when [Ca
2+
]i falls velocity drops reaching close to 0 nm/sec. 
Inset is a scattergram from data from panel ‘A’ showing correlation of fluorescent intensity 







]i oscillations drives velocity in human spermatozoa. (B) is the 
reconstructed trajectory from X-Y co-ordinates of this cell. Red circles mark periods where 







]i oscillations drives attachment/detachment in human spermatozoa. 
Panel (A) shows a zoom in of a single [Ca
2+
]i oscillation – traces represent fluorescent 
intensity (blue) and velocity (red). [Ca
2+
]i oscillation decay promotes attachment of the cell to 
coverslip and detachment when [Ca
2+
]i rises. (B) is the reconstructed trajectory from X-Y co-
ordinates of a cell during this [Ca
2+
]i oscillation. Black arrows mark periods where the cell is 








]i oscillations drives turning and hyperactivated motility 
We also investigated swimming behaviour of cells incubated at 31
o
C, using a higher 
frame rate (10 Hz). Videos captured in this speed provided more detail of the sperm path. 
Though still insufficient for CASA-type analysis (usually 60 Hz), this allowed calculation of 
average path velocity (VAP), straightness (STR) and fractal dimension of the sperm path 
derived from head position (x and y coordinates) in each video frame. At this temperature I 
again observed changes in behaviour associated with [Ca
2+
]i in oscillating cells, but velocity 
did not fall sufficiently for cells to ‘settle’ on the coverslip as occurred at 25
o
C. Again, in 
most cells I observed correlation between [Ca
2+
]i and velocity, cells showing bursts of 
acceleration during increased [Ca
2+
]i (fig. 7.3). As a measure of hyperactivated-type motility, 
‘straightness’ was calculated from the ratio of linear distance compared to smoothed distance 
over 10 track points (explained in fig. 7.4A). The data showed that, in many cells, the rise 
[Ca
2+
]i oscillation is inversely correlated with the straightness of the cell path, which suggests 
that the sperm head turns more when [Ca
2+
]i is higher (fig. 7.4B-D). I also analysed the fractal 
dimension of sperm trajectories, which is a parameter typically high in hyperactivated cells. 
Regardless the frame rate limitation, I was able to observe two cells showing a clear 
correlation between [Ca
2+
]i and fractal dimension (fig. 7.5) (see Appendix I for more 
examples of correlation).         
 Decline in cell straightness and increase of fractal dimension are indicatives of 
switching of swimming behaviour to hyperactivated motility (Cancel et al, 2000), therefore 
[Ca
2+
]i oscillations may also drive hyperactivated motility in human sperm cells. Collectively, 
our results show that [Ca
2+
]i oscillations occur in free-swimming human sperm and are 
important for modulation of sperm behaviour, regulating both velocity/detachment of the 






Figure 7.3 Correlation between [Ca
2+
]i and velocity. (A) shows relationship between 
[Ca
2+
]i (fluo4 fluorescence – blue) and average path velocity (VAP), in a progesterone-
stimulated, free-swimming human sperm (velocity has been normalised to maximum value). 
Lower panel shows sperm track coordinates plotted with colour coding to indicate fluo4 
fluorescence (B) and VAP (C). Analysis was performed in collaboration with Dr. Hector A. 









Figure 7.4 Correlation between [Ca
2+
]i and straightness. (A) illustrates calculation of 
sperm path ‘straightness’. Sperm path is derived from head position (x and y coordinates) in 
each video frame. Smoothed path (red) is a 10 point moving average of x and y coordinates. 
Straightness was calculated from the ratio of linear distance (blue) compared to smoothed 
distance (red) over 10 track points. (B) shows relationship between [Ca
2+
]i (fluo4 fluorescence 
– blue) and straightness in a progesterone-stimulated, free-swimming human sperm. Lower 
panel shows sperm track coordinates plotted with colour coding to indicate fluo4 fluorescence 
(C) and straightness (D). Analysis was performed, in collaboration with Dr. Hector A. 






Figure 7.5 Correlation between [Ca
2+
]i and fractal dimension. (A) shows relationship 
between [Ca
2+
]i (fluo4 fluorescence – blue) and fractal dimension in a progesterone-
stimulated, free-swimming human sperm. Lower panel shows sperm track coordinates plotted 
with colour coding to indicate fluo4 fluorescence (B) and fractal dimension (C). Analysis was 






7.3.4 High viscosity induces Ca
2+




During its journey through the female tract, a sperm cell encounters fluids with 
different viscosities, which range from 2800–10000 cp (Karni et al, 1971; Jansen, 1978; 
Suarez et al, 1997; Tung et al, 2015). To investigate how high viscosity affects [Ca
2+
]i 
responses, I prepared medium using 1% (w/v) methylcellulose (MCL) to raise the viscosity 
to, nominally, 4000 cp. Interestingly, switch from standard sEBBS to methylcellulose 
perfusion induced Ca
2+
 transient which was followed by [Ca
2+
]i oscillations in 30.9 + 5.9% of 
cell population (fig. 7.6A). Subsequent application of progesterone, in the presence of 
methylcellulose, induced a [Ca
2+
]i transient that resembled that seen under normal conditions 
and was approximately twice the amplitude of the one induced by methylcellulose (n= 72 
cells, p<0.001, fig. 7.6B). Furthermore, the characteristics of the [Ca
2+
]i oscillations induced 
by methylcellulose were similar to the progesterone-induced ones (fig. 7.6C and D). 
 When cells were first stimulated with progesterone, then exposed to methylcellulose in 
the continued presence of progesterone [Ca
2+
]i oscillations persisted (fig. 7.7A) and their 
characteristics (amplitude and frequency) were not altered, though there was a significant 










Figure 7.6 High viscosity induces Ca
2+
 transient and [Ca
2+
]i oscillations in human 
spermatozoa. Panel (A) shows single cells traces (4 cells from different set of experiments). 
Grey shading shows period of perfusion with methylcellulose 4000 cp, black arrow indicates 
addition of 3 M progesterone. Graphs show the amplitude of transient peak (B) and 
frequency (C) and amplitude (D) of [Ca
2+
]i oscillations induced by methylcellulose (MCL) 
and progesterone (P4). Amplitude was calculated using the mean response of each [Ca
2+
]i 
oscillation considering the progesterone- induced transient peak as 100% and bars show mean 
+ SEM of 72 cells from 3 different experiments. A [Ca
2+
]i oscillation was considered when 
reached at least 20% of the transient peak amplitude. Bars that do not share a letter are 








Figure 7.7 High viscosity does not change the characteristics of P4-induced [Ca
2+
]i 
oscillations in human spermatozoa. Panel (A) shows single cells traces (4 cells from 
different set of experiments). Black arrow indicates addition of 3 M progesterone (P4); grey 
shading shows period of perfusion with methylcellulose (MCL) 4000 cp. Graphs show the 
frequency of [Ca
2+
]i oscillations per minute (B) and the amplitude of [Ca
2+
]i oscillations (C) 
in the ‘oscillating’ population under the three conditions: progesterone alone treatment in 
standard EBSS (first bar), progesterone plus methylcellulose 4000 cp (second bar) and 
progesterone alone treatment in standard EBSS (third bar). Amplitude was calculated using 
the mean response of each [Ca
2+
]i oscillation considering the transient peak as 100% and bars 
show mean + SEM of 3 experiments. A [Ca
2+
]i oscillation was considered when reached at 
least 20% of the transient peak amplitude. Treatment groups that do not share a letter are 






7.3.5 High viscosity effect on Ca
2+
 response is dependent of CatSper  
 Having demonstrated that high viscosity medium induces Ca
2+
 transient followed by 
[Ca
2+
]i oscillations with similar characteristics to the progesterone-induced ones, we decided 
to investigate whether these Ca
2+ 
responses were also dependent of CatSper channels activity. 
Pre-treatment with RU1968 (30 M) completely inhibited Ca
2+
 transient and [Ca
2+
]i 
oscillations when both methylcellulose and subsequently progesterone were added to the 
sperm cells (fig. 7.8). As a control, RU1968 and methylcellulose were removed and a large 
Ca
2+
 peak was observed followed by [Ca
2+
]i oscillations generation when in the presence of 
progesterone (n= 30 cells from 3 experiments; fig. 7.8).  
 





oscillations n induced by MCL and P4 in human sperm cells. Panel shows single cells 
traces of different set of experiments). Light grey shading shows addition of RU1968 (30 
M), dark grey shading shows perfusion of methylcellulose (MCL) 4000 cp and black arrows 
show addition, removal and readdition of progesterone (3 M). Experiments were performed 








]i oscillations drives velocity in high viscosity environment 
To confirm that [Ca
2+
]i oscillations also occurs in free-swimming cells in a high 
viscosity environment, I tracked fluo-4-labelled free-swimming sperm cells under these 
conditions. As observed in free-swimming cell in standard saline (fig. 7.1), spermatozoa in 
methylcellulose exhibited [Ca
2+
]i oscillations (fig. 7.9). Furthermore, [Ca
2+
]i oscillations also 
showed correlation with velocity in high viscosity, although the attachment/detachment from 
the substrate was not as clear (fig. 7.9). [Ca
2+
]i increase induces velocity to increase and when 
[Ca
2+
]i falls velocity subsequently decays, suggesting that the switching of sperm behaviour is 
dependent of the cyclic generation of [Ca
2+




]i oscillations drives velocity in high viscosity environment. Panel (A) 
shows overlay of the fluorescent intensity (blue) and velocity (red) of individual cells 
(velocity values were multiplied by 3000 to facilitate overlay plotting). [Ca
2+
]i signals and 
velocity are correlated in methylcellulose 4000 cp - [Ca
2+
]i increase promotes increase in 
velocity and when [Ca
2+







]i oscillations drives velocity in high viscosity environment. (B) is the 
reconstructed trajectory from X-Y co-ordinates of this cell. Red circles mark periods where 
velocity is decreased.  
 
 
7.3.7 Swimming velocity and cell progression is inhibited by CatSper blockade 
 In chapter 5, I demonstrated that [Ca
2+
]i oscillations are regulated by CatSper 
activation. To assess whether CatSper channels are also crucial to the changes on swimming 
behaviour, I tracked fluo-4-labelled free-swimming sperm cells pre-treated with RU1968 (30 
M) in the presence of progesterone (3 M). Similarly to its effect on immobilised cells, 
RU1968 inhibited [Ca
2+
]i oscillations both in cells swimming in standard saline and in high 
viscosity medium (insets fig. 7.10A and B). Moreover, inhibition of CatSper both abolished 
variation in velocity and resulted in continuous turning of the cells such that they became 
effectively non-progressive. In control (untreated) cells the mean travel (distance from origin) 
after 3 min was approximately 1500 m whereas this distance was 6 times shorter when cells 







Figure 7.10 CatSper blocker inhibits [Ca
2+
]i oscillations and progression of cell. X-Y 
position graphs show tracking of a group of sperm cells treated with 30 M RU1968 + 3 M 
P4 in low (panel ‘a’) and high (panel ‘b’) viscosity environment. Insets show [Ca
2+
]i and 
velocity under these conditions (velocity values were multiplied by 1000 to facilitate overlay 
plotting). Bar graph shows the mean + SEM of distance (m) of tracked cells from origin 
after 3 minutes of tracking. *** p<0.001 when compared to group untreated with CatSper 





7.3.8 Sperm ability to penetrate into artificial viscous medium 
 A sperm cell needs to penetrate through viscous barriers, including mucus and oviduct 
fluid, in order to achieve a successful fertilisation (Jansen 1978; Suarez et al, 1997; Tung et al, 
2015). In these experiments the number of ‘penetrating’ cells at the start point (0 cm) varied 
widely (range of 40 – 157 cells) according to sperm sample (n= 20 experiments) and this wide 
variation affected the number of cells penetrating the viscous medium (fig. 7.11). Therefore, 
assays were always run in parallel with an untreated control and data were expressed as ‘% 
control sperm number’ (where control was considered to be 100%).  
 
 
Figure 7.11 Sperm penetration into artificial viscous medium assay expressed in number 
of ‘penetrating’ cells. Bar graph shows the mean + SD of ‘penetrating’ cells at 1, 2, 3 and 4 






7.3.9 Effect of CatSper inhibition in sperm penetration of artificial viscous medium 
CatSper has been implicated in regulating sperm ability to penetrate viscous medium 
(Alasmari et al, 2013). In order to assess whether RU1968 would inhibit this ability, 
spermatozoa were treated with different concentrations of the drug (added to the sperm 
reservoir) and the proportion of cells that penetrated artificial methylcellulose medium was 
analysed. 1μM RU1968 had negligible effect on sperm performance in the assay but 
significant inhibition occurred at greater concentrations (10-50 M). Sperm penetration at 
each of 1, 2, 3 and 4 cm showed a significant, dose dependent inhibitory effect of RU1968 
that saturated at 30-50 μM  (n=6 experiments, p<0.01, fig. 7.12). The extent of inhibition was 
increased at greater penetration depth, maximum inhibition occurring at 4 cm, where cell 
count in the presence of 50 μM RU1968 was only 8.1 + 2.2% of that in the parallel control 
(n=6, p<0.001, fig. 7.10). Entry into the methylcellulose column (assessed by cell count at 0 
cm) was reduced only slightly, even at the highest concentration used (fig. 7.12).   
 To further investigate the role of CatSper in regulating the behaviour that enables the 
sperm to penetrate viscous medium, I investigated the effect of progesterone. Two different 
designs were used: (1) sperm cells in the reservoir were co-treated with different 
concentrations of RU1968 + 3 μM of progesterone and then allowed to penetrate into viscous 
medium or (2) sperm cells were treated with 3 μM of progesterone alone in the sperm 
reservoir and then allowed to penetrate into viscous medium containing different 
concentrations of RU1968. In design (1), exposure to progesterone alone increased sperm 
entry into the methylcellulose (0 cm) by 72.5 + 10.6%. Moreover, this stimulatory effect was 
similar at all penetration distances (60.7 + 6.6% at 1 cm and 61.3 + 27.4% at 4 cm) (n=5, 
p<0.001, fig. 7.13). All RU1968 concentrations used completely inhibited the effect of 




itself (as shown in fig. 7.10). The effect of RU1968 was again dose- and distance-dependent 
with maximum inhibition occurring when cells were treated with 50 μM RU1968 and 
penetration assessed at 4 cm (95.71 + 6.36%; n=5, p<0.001, fig. 7.13). 
 
 
Figure 7.12 RU1968 inhibits sperm penetration into artificial viscous medium in a dose-
dependent way.  Bars show number of cells at 1, 2, 3 and 4 cm into viscous medium, 
normalised to parallel controls treated with DMSO (=100% - red dashed line); 1 M RU1968 
(red), 10 M RU1968 (green), 20 M  RU1968 (purple), 30 M RU1968 (orange), 50 M 
RU1968 (yellow). Comparisons were conducted with two-way ANOVA followed by 
Bonferroni’s post-hoc. **p < 0.01; ***p < 0.001, when compared to untreated cells at the 























































Figure 7.13 RU1968 inhibits stimulation induced by progesterone (3 M) of sperm 
penetration of artificial viscous medium – design (1). Bars show number of cells at 1, 2, 3 
and 4 cm into viscous medium, normalised to parallel controls treated with DMSO (=100% - 
red dashed line); progesterone alone (black), progesterone and 1 M RU1968 (red), 
progesterone and 10 M RU1968 (green), progesterone and 20 M RU1968 (purple), 
progesterone and 30 M RU1968 (orange), progesterone and 50 M RU1968 (yellow). 
Comparisons were conducted with two-way ANOVA followed by Bonferroni’s post-test. P4 
alone was compared to untreated cells at the same penetration distance (***p < 0.001). 
RU1968 concentrations were compared to P4 effect alone at the same penetration distance 
(***p < 0.001). Bars show mean + SEM of five experiments. 
 
 The effect of RU1968 in design (2) was even more pronounced. All RU1968 
concentrations inhibited the stimulatory effect of progesterone and higher doses were 
particularly potent: RU1968 20 μM and 30 μM inhibited sperm penetration to 4 cm by 94.1 + 
0.70% and 96.6 + 0.3%, respectively. 50 μM RU1968 completely inhibited sperm penetration 
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Figure 7.14 RU1968 inhibits progesterone effect on sperm penetration when added to 
the viscous medium – design (2). Bars show number of cells at 1, 2, 3 and 4 cm into viscous 
medium, normalised to parallel controls treated with DMSO (=100% - red dashed line); 
progesterone alone (black), progesterone and 1 M RU1968 (red), progesterone and 10 M 
RU1968 (green), progesterone and 20 M RU1968 (purple), progesterone and 30 M 
RU1968 (orange), progesterone and 50 M RU1968 (yellow). Comparisons were conducted 
with two-way ANOVA followed by Bonferroni’s post-test. P4 alone was compared to 
untreated cells at the same penetration distance (***p< 0.001). RU1968 concentrations were 
compared to P4 effect alone at the same penetration distance (***p < 0.001). Bars show mean 
+ SEM of five experiments. 
 
 
Analysis of the motility of sperm swimming within the methylcellulose was performed 
with CASA software in order to assess whether the effect of RU1968 on sperm penetration 
(and reversal of progesterone stimulation) was reflected in kinematic parameters. Sperm cells 
in design (1) did not show any change in all parameters analysed: track speed (VCL), lateral 
amplitude of head (ALH), beat frequency (BCF), straightness, linearity and percentage of 
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abolishes the progesterone action by inhibiting the sperm entry into the mucus and, 
consequently, lowering the number of penetrating sperm cells. On the other hand, addition of 
with RU1968 to the mucus, as described in design (2), resulted in differences in the 
proportion of the population classified as motile and progressively motile cells (fig. 7.15). 
Although sperm cells could penetrate into the mucus at the start point, the lowered number of 
penetrating sperm is probably due to decrease of the fraction of progressively motile sperm 
when CatSper was inhibited by RU1968.       
 Collectively, these data support previous reports from Alasmari and colleagues (2013) 
who suggested that progesterone promotes sperm swimming in high-viscosity environment, 
via activation of CatSper channels. Furthermore, the drug RU1968 inhibits the effect of 













Figure 7.15 RU1968 inhibits the sperm progression and motility when added to the 
viscous medium. Graph represents the percentage of progressive (A) and motile (B) sperm 
cells in the different penetration distances in artificial viscous medium when cells were 
stimulated with progesterone and RU1968 was added to saline (design 1) or to the viscous 
medium (design 2). Parallel controls treated with DMSO (blue); progesterone alone (black), 
progesterone and 1 M RU1968 (red), progesterone and 10 M RU1968 (green), 
progesterone and 20 M RU1968 (purple), progesterone and 30 M RU1968 (orange), 




7.3.10 Changes in membrane potential inhibit sperm penetration into viscous medium 
I have demonstrated that CatSper channels are involved in swimming in high-viscosity 
environment and that CatSper-dependent Ca
2+
 signals in human sperm are inhibited by 
hyperpolarisation of Vm. To evaluate the impact of hyperpolarisation of sperm Vm on their 
ability to penetrate viscous medium, spermatozoa were treated with 1 μM valinomycin 
(VLN), alone and before or after stimulation with progesterone (3 M). VLN was added to 
the sperm reservoir for 5 minutes before subsequent addition of progesterone for the same 
amount of time. Methylcellulose-filled tube was introduced to the reservoir and the ability of 
the cells to enter and penetrate artificial mucus was analysed. 3 M progesterone significantly 
enhanced penetration of sperm into artificial mucus at all distances (compared to parallel 
controls), reaching an 80.6 ± 11.3% increase just within the methylcellulose (0 cm; p<0.001; 
fig. 7.16A). Valinomycin alone did not have any effect on sperm penetration when compared 
to untreated cells (control group), however, valinomycin completely inhibited the stimulation 
promoted by progesterone. Assessment of sperm cell kinematic parameters within the glass 
capillary showed difference in curvilinear velocity of sperm (VCL) (fig. 7.16B). Progesterone 
enhanced significantly VCL when compared to parallel control in the same penetration 
distance (increase of 30.2 + 11.0% at start point - 0 cm; p<0.05) and, once again, valinomycin 






Figure 7.16 Valinomycin inhibits sperm penetration into artificial viscous media induced 
by progesterone, affecting sperm track speed (VCL). (A) Number of cells at each 
penetration distance as % of parallel control (normalised as 100% and represented as black 
dashed line). Mean + SEM of 5 different experiments performed independently. (B) Sperm 
VCL (m/s) at the different penetration distances in artificial viscous media. Comparisons 
were conducted with paired one way ANOVA followed by Tukey’s post-hoc. ***p<0.001, 











Stimulation of human spermatozoa with progesterone at concentrations as low as 
picomolar activates CatSper (Teves et al, 2009; Lishko et al, 2011; Strünker et al, 2011). 
Single cell imaging of progesterone-stimulated human sperm shows that the cells generate 
[Ca
2+
]i spikes and oscillations accompanied by increased sperm neck bending and flagellar 
excursion, which are characteristics of hyperactivation (Harper et al, 2004; Bedu-Addo et al, 
2008). This repetitive modulation of flagellar activity may underlie repeated ‘switching’ of 
sperm behaviour in human spermatozoa which is believed to be important for sperm 
progression in the female tract (Harper et al, 2004; Bedu-Addo et al, 2008; Ho et al, 2009; 
Publicover, 2017).           
 I have made the first recordings of [Ca
2+
]i in free-swimming human sperm. My data 
showed that (i) progesterone-stimulated free-swimming cells generated [Ca
2+
]i oscillations 
and (ii) there is a clear correlation between [Ca
2+
]i and sperm motility, particularly velocity 
(fig. 7.1). Velocity increases during the rise and as [Ca
2+
]i decays the velocity slows. I also 
showed that the effect of [Ca
2+
]i oscillations on velocity may regulate substrate 
attachment/detachment in human spermatozoa (fig. 7.2). When [Ca
2+
]i oscillations were 
investigated at higher frame rate, I was able to detect that oscillation may also drive turning, 
decreasing the straightness of cell path, which is a kinematic parameter directly related to 
hyperactivated motility (fig. 7.3). Other aspects of hyperactivated motility, particularly lateral 
head movement (ALH) could not be assessed because these require a much faster image 
acquisition rate (50-60 Hz; Mortimer, 2000). During its journey through the female tract, 
sperm cells may bind to the oviductal epithelium and detaching from it requires driving force 
promoted by ‘switching’ sperm behaviour to hyperactivated motility (Pacey et al, 1995; 




Previous studies have reported that Ca
2+ 
influx enhances sperm velocity (Fakih et al, 
1986) and that CatSper null mice exhibited decreased sperm swimming speed parameters, 
such as path velocity, progressive velocity and track speed (Ren et al, 2001). CatSper-null 
mice sperm are motile but fail to hyperactivate and consequently to fertilise oocytes (Ren et 
al, 2001; Carlson et al, 2003; Quill et al, 2003; Ho et al, 2009). Since [Ca
2+
]i oscillations in 
immobilised cells are dependent on CatSper activity (chapter 5), I investigated whether the 
‘switching’ of swimming behaviour associated with [Ca
2+
]i oscillations is dependent of 
CatSper activity (fig. 7.10). Treatment with RU prevented both the generation of [Ca
2+
]i 
oscillations and switching of behaviour in free-swimming cells. This is the first report 
confirming the physiological relevance of [Ca
2+
]i oscillations generation in regulating sperm 
motility, controlled by membrane potential and CatSper activation.     
 In the female tract, the spermatozoon has to penetrate mucus barriers with different 
viscosities, which range from 2800–10000 cp (Karni et al, 1971; Jansen, 1978; Suarez et al, 
1997; Tung et al, 2015). I showed that perfusion of immobilised cells with high viscosity 




 increase followed by [Ca
2+
]i oscillations in 
human spermatozoa and that these responses are dependent of CatSper activity (fig. 7.6 – fig. 
7.8). The [Ca
2+
]i responses induced by high viscosity perfusion are likely to be due to 
increased shear on the cell membrane. The voltage-gated proton channel Hv1, which are 
localised in the principal piece of the sperm flagellum (Lishko et al, 2010), has recently been 
shown to be shear sensitive (Pathak et al, 2016). Increased shear stimulus may therefore cause 
channel activation and raise pHi, indirectly activating CatSper channels, which are localised 
in similar sperm region (Ren et al, 2001; Kirichok et al, 2006). This may play an important 
role in progression of sperm through viscous mucus. Similar to free-swimming cells in 
standard saline, [Ca
2+




drive sperm velocity (fig. 7.9).        
 Studies have shown that progesterone increases sperm penetration through viscous 
physiological barriers, such as cervical and oviduct mucus, cumulus cells layer and zona 
pellucida of the oocyte (Rathi et al, 2001; Suarez, 2008; Darszon et al, 2011; Alasmari et al, 
2013). Some authors have reported that progesterone stimulates hyperactivated motility in 
mouse (Pérez-Cerezales et al, 2015) and human spermatozoa (Uhler et al, 1992, Gakamsky et 
al, 2009) under low viscosity environments, though this is controversial (Achikanu et al, 
2018). However, once in a viscous environment, progesterone-stimulated sperm cells are 
believed to exhibit a more linear and progressive motility. This behaviour has been reported in 
sperm from different species: mice (Suarez and Dai, 1992; Pérez-Cerezales et al, 2016), 
hamster (Suarez et al, 1991) and bull (Hyakutake et al, 2015) and human (Tesarik et al, 1990).
 Using the Kremer penetration I confirmed previous observations that CatSper 
blockade inhibits the stimulation of penetration induced by progesterone (Alasmari et al, 
2013), but in this chapter I also present the first report suggesting that CatSper is crucial in 
regulating the ‘passive’ (unstimulated) behaviour responsible for sperm penetration ability 
(figs. 7.12 – 7.14). These data has been recently published (Rennhack et al, 2018). Moreover, 
CASA analysis within the glass capillary tubes showed that inhibition of CatSper blocks 
sperm penetration ability by altering the proportion of progressive and motile sperm 
population (fig. 7.15). Furthermore hyperpolarisation (valinomycin treatment), which will 
also suppress CatSper activity, blocks the stimulation of penetration induced by progesterone 
by reducing sperm velocity (fig. 7.16), which is consistent with the swimming characteristics 
induced by [Ca
2+






CHAPTER EIGHT: GENERAL DISCUSSION 
 
 
8.1 Key findings: 
 
 Approximately a quarter of the human sperm population exhibit [Ca2+]i oscillations 
induced by physiological concentrations of the hormone progesterone, independently 
of level of sperm capacitation; 
 [Ca2+]i oscillations are dependent of Ca
2+
 influx, start at the sperm flagellum and 
propagate actively towards the sperm head, where the signal becomes larger; 
 RU1968-F1 is an effective inhibitor of CatSper channels and could be used as a new 
pharmacological tool in the study of these Ca
2+
 channels; 




 SKF-96365 modulates [Ca2+]i oscillations generation through similar mechanism as 
progesterone; 
 [Ca2+]i oscillations also occur in free-swimming sperm cells and are associated with  
switching of sperm swimming behaviour in both low and high viscosity environments; 
 [Ca2+]i oscillations drive swimming velocity, turning and hyperactivated motility in 
human spermatozoa and may regulate attachment/detachment from substrate 
 Consistent with the involvement of CatSper in generation of [Ca2+]i oscillations, 
regulation of sperm swimming velocity and cell progression are dependent on CatSper 
activity; 




8.2 Thesis discussion: 
 
The aim of this thesis was to investigate Ca
2+
 signalling pathways induced by 
progesterone, particularly induction of [Ca
2+
]i oscillations, and determine whether and how 
they play physiological roles in human spermatozoa. Progesterone is a steroid hormone 
synthesised in the female tract by the cumulus cells surrounding the oocyte which modulates 
Ca
2+
 influx into the spermatozoa and, consequently, sperm function (Roldan et al, 1994; Ren 
et al, 2001; Harper et al, 2004; Eisenbach and Giojalas, 2006; Kirichok et al, 2006). In our 
studies, I used 3 M progesterone which is a physiologically relevant concentration as 
progesterone is found at micromolar concentrations in the female tract (Osman et al, 1989; 
Baldi et al, 1998; Jaiswal et al, 1999) and can reach concentrations as high as 10 micromolar 
when close to the oocyte (Sagare-Patil et al, 2012; Tamburrino et al, 2014).   
 In human spermatozoa population, progesterone tipically induces a byphasic Ca
2+ 
response (transient peak followed by a sustained phase) through the activation of CatSper 
channels (Blackmore et al, 1990; Meizel and Turner, 1991, Kirkman-Brown et al, 2000, 
Strunker et al., 2011; fig. 3.2). The use of single-cell imaging allowed detailed analysis of the 
heterogeneity Ca
2+ 
responses induced by the hormone. The observation that a large 
subpopulation of progesterone-stimulated  sperm cells generate Ca
2+
 oscillations (~25%, fig. 
3.4) motivated us to further investigate the mechanism of their generation and to understand 
their role in a physiological context. Progesterone-induced [Ca
2+
]i oscillations in human 
sperm cells were first reported in 2004 (Harper et al, 2004; Kirkman-Brown et al, 2004) as 
large peaks showing a slow kinetics, each cycle lasting approximately 2 to 5 minutes. Basal or 
induced [Ca
2+
]i oscillations were also detected in other species, such as hamster and sea 




different: duration up to 1 second and period between 0.5-5 seconds. These discrepancies in 
the [Ca
2+
]i oscillations kinetics observed in different species could indicate that they are 
generated by distinct mechanisms and may evoke different sperm responses. 
To assist elucidating the mechanism on how the [Ca
2+
]i oscillations are generated, I 
performed a spatial-temporal analysis of the progesterone-induced [Ca
2+
]i oscillations 
propagation which showed that the signal starts in the sperm flagellum and spreads actively 
through the neck and then head, the signal becoming enhanced as it spreads forward (figs. 3.7 
and 3.8). This observation was important since it suggests the involvement of CatSper 
channel activation (in the tail) and, subsequently, Ca
2+
 mobilisation from intracellular stores 
by calcium-induced calcium release system (CICR) in the neck/head. The [Ca
2+
]i oscillations 
observed in Strongylocentrotus purpuratus sperm showed similar complex distribution 
throughout the cell, with signal starting from the tail and propagating to the sperm head 
(Wood et al, 2003). However, in hamster sperm, the Ca
2+
 influx necessary for the [Ca
2+
]i 
oscillations generation occurred both tail and head of the sperm (Suarez et al, 1993). 
 Typically [Ca
2+
]i oscillations in somatic cells are generated and maintained by 
periodic mobilisation of intracellular [Ca
2+
]i stores (reviewed in Dupont et al, 2011). In our 
work, I showed that not only Ca
2+
 influx is crucial to generation of [Ca
2+
]i oscillations but I 
also reported for the first time that membrane potential (Vm) regulates progesterone-induced 
[Ca
2+
]i oscillations in human spermatozoa (fig. 3.6 and 3.9 - 3.17). Mechanisms of membrane 
potential regulation have been described in sperm of different species including mouse, 
bovine, sea urchin and human (Espinosa and Darszon, 1995; Zeng et al, 1995; Arnoult et al, 
1996; Beltran et al, 1996) and are believed to be responsible for the modulation of Ca
2+
 influx 
and consequent changes in the sperm function. Based on data presented in chapter 3 and 5, we 
suggested a tentative model for progesterone-induced [Ca
2+




spermatozoa (fig. 5.8): Ca
2+
 influx through progesterone-stimulated CatSper activates Slo3 





 concentration in the cytosol, which allows Slo3 to close and 
membrane potential to be restored; CatSper re-opens again allowing Ca
2+
 influx and the 
oscillation cycle restarts. Although I have not done pharmacological manipulations on the 
intracellular Ca
2+
 stores or pumps to confirm their participation on the [Ca
2+
]i oscillations 
generation, Harper and colleagues (2004) showed that inhibition of  ryanodine receptors 
(RyRs) with tetracaine, caffeine and ryanodine clearly altered the oscillations kinetics, but not 
the inhibition of  IP3 receptors (IP3Rs). Recently, Mata-Martinez and colleagues (2018) 
suggested a similar model (including contribution of CatSper) for generation of small, 
spontaneous [Ca
2+
]i oscillations in human sperm cells, but the role of membrane potential was 
not investigated. In their model, Ca
2+
 influx through CatSper activates RyRs and PLC, which 
generates IP3 and then activates IP3Rs. Ca
2+





 concentration are promoted by Ca
2+
-ATPases, PMCA4 and SPCA1 in 
the sperm membranes. In marine organisms, CatSper and membrane potential are both 
believed to be essential in induced [Ca
2+
]i oscillations generation. The proposed model for 
three species of sea urchins Strongylocentrotus purpuratus, Arbacia punctulata and 
Lytechinus pictus involves the binding of a chemoattractant peptide released by the egg (for 
example, speract and resact) to its receptor, which triggers Vm hyperpolarisation by activation 
of cyclic nucleotide-gated K
+
 channels. Alteration in membrane potential leads to pHi 
alkalinisation and, consequently, activation of CatSper channels and increase of [Ca
2+
]i 
(Darszon et al, 2011; Seifert et al, 2014; Espinal-Enríquez et al, 2017).    
 In a physiological context, Ca
2+
 influx is believed to be critical for sperm motility and 




marine organisms, with external fertilisation, alterations of behaviour are mainly associated 
with sperm-egg chemotaxis. In the case of sea urchin spermatozoa, the binding of the 
chemoattractant peptide speract leads to Ca
2+
 oscillations which drive increased asymmetry of 
the  flagellar beat causing a change in swimming direction (Kaupp et al, 2003; Wood et al, 
2005; Friedrich and Julicher, 2007). During the Ca
2+
 rise, sperm cells show a turning 
behaviour with an increased curvature of the flagellum alternating with straighter swimming 
episodes when Ca
2+
 decreases between oscillations (Kaupp et al, 2003; Bohmer et al, 2005; 
Wood et al, 2005; Shiba et al, 2008). Similar Ca
2+
-dependent swimming behaviour towards 
the chemoattractant was also observed in the starfish Asterias amurensis (Bohmer et al, 
2005).  On the other hand, in species with internal fertilisation, changes in motility are critical 
to the progress of the sperm in the female tract, whereas a role for chemotaxis is not yet 
established (Suarez et al, 1993). During its journey towards the oocyte the sperm cell faces 
several barriers which require adoption of vigorous motility, such as hyperactivation, to 
enable sperm progression. Hyperactivation has been associated with aiding sperm penetration 
into viscous and viscoelastic environment, which are presented in the cervix, in the oviductal 
lumen and the cumulus cells layer, though more recent data are equivocal (Suarez et al, 1991; 
Suarez and Dai, 1992; Darszon et al, 2011; Alasmari et al, 2013). Also hyperactivated 
motility may be required both for sperm penetration of zona pellucida that surrounds the 
oocyte (Stauss et al, 1995; Quill et al, 2003) and for detachment from oviductal epithelium 
(Suarez and Osman, 1987; DeMott and Suarez, 1992; Ho et al, 2009). Hyperactivation is an 
event dependent on Ca
2+
 influx and studies have shown that [Ca
2+
]i in a hyperactivated cells 
ranges from 200-1000 nM against 30-50 nM in an activated spermatozoon (Suarez and Dai, 




In order to investigate whether [Ca
2+
]i oscillations occur in free-swimming sperm cells 
and are responsible for regulation of behaviour, I developed a technique to track and measure 
Ca
2+
 probe signals in free-swimming sperm, the first recordings of [Ca
2+
]i signals in 
individual, free-swimming human sperm (chapter 7). In our work, I confirmed the occurrence 
of [Ca
2+
]i oscillations in free-swimming, progesterone-stimulated cells. The observed changes 
in fluorescence were not an artefact of cell rotation (10-20 Hz) or re-orientation occurring 
during cell movement; the long duration (> 1 min) and high amplitudes, resembling those 
detected in immobilised cells and continuing even when cells attached and ‘crawled’ on the 
coverslip. Moreover, I showed that [Ca
2+
]i oscillations drive different swimming behaviour as 
there is a clear correlation between [Ca
2+
]i and sperm motility, particularly velocity (figs. 7.1 
and 7.3). The data reported here confirm that [Ca
2+
]i oscillations are the cause of the increase 
in velocity rather than the result of changes in flagellar beating occurring in immobilised cells. 
Data obtained at 31
o
C, using a 10 Hz frame rate, revealed that [Ca
2+
]i oscillations may also 
drive turning: decreasing the straightness of cell path and increasing fractal dimension, a 
kinematic parameter directly related to hyperactivated motility (figs. 7.4 and 7.5). Although 
tracking the sperm cells at 10 Hz provided us enough details to observe correlations between 
the Ca
2+
 signal and some kinematic parameters associated with hyperactivation, other aspects 
of hyperactivated motility, particularly lateral head movement (ALH) could not be assessed 
because these require a much faster image acquisition rate (50-60 Hz; Mortimer, 2000), which 
was not possible to achieve with our technique due to effects of photo-damage on the 
samples. Furthermore, the observation that ‘switching’ of swimming behaviour associated 
with [Ca
2+
]i oscillations is dependent of CatSper activity (fig. 7.10) corroborates the work in 
mouse sperm which showed that CatSper null sperm exhibited impaired motility as sperm 




lateral head displacement (ALH) and beat cross frequency (BCS) (Marquez et al, 2007). 
[Ca
2+
]i oscillations may therefore regulate substrate attachment/detachment in human 
spermatozoa (fig. 7.2). This observation is physiological relevant as sperm cells are known to 
swim close to the surfaces in the female tract (Ooi et al, 2014) and [Ca
2+
]i oscillations could 
be an essential mechanism to help the sperm cell  to swim freely in the oviduct. Correlations 
between [Ca
2+
]i oscillations and sperm behaviour have been described before, however 
mainly addressing the flagellar beating cycle (Suarez et al, 1993; Harper et al, 2004; Corkidi 
et al, 2008).          
 Additionally, in this thesis I presented the first report suggesting that CatSper is 
crucial in regulating the ‘passive’ (unstimulated) behaviour responsible for sperm penetration 
ability into viscous environment (Rennhack et al, 2018; figures 7.12 – 7.14). The observation 
that inhibition of CatSper and ‘clamping’ of membrane potential with valinomycin blocks the 
stimulation of penetration induced by progesterone (figures 7.13 – 7.16) through the decrease 
of sperm velocity, and progressive motility is consistent with the data showing the swimming 
characteristics are regulated by [Ca
2+
]i oscillations and suggests the physiological relevance of 
CatSper activation and [Ca
2+
]i oscillations for the sperm penetration ability. In summary, I 
have demonstrated that [Ca
2+
]i oscillations are strongly associated with switching of human 
sperm swimming behaviour: driving velocity, attachment/detachment from substrate, sperm 
turning and hyperactivated motility and that CatSper channels are critical in regulating the 
swimming behaviour responsible for sperm ability to penetrate into viscous environment.
 Although I have not analysed the role of progesterone-induced [Ca
2+
]i oscillations on 
acrosome reaction (AR), Harper and colleagues (2004) reported that the percentage of 
progesterone-stimulated cells undergoing AR is lower in oscillating than non-oscillating cells  






actually prevent acrosome reaction in human spermatozoa, suggesting another role for the 
[Ca
2+
]i oscillations as a potential mechanism to prevent premature acrosome reaction. The 
sperm sub-population that exhibits a sustained phase instead of [Ca
2+
]i oscillations, following 
progesterone stimulation, may lacks the capacity to regulate [Ca
2+
]i.    
The understanding of how [Ca
2+
]i oscillations are generated and what physiological 
roles they might play in the sperm cell functions is crucial to identifying potential targets for 
pharmacological manipulation. For example, in chapter 3, I reported the contribution of 
membrane potential to [Ca
2+
]i oscillations generation and many drugs which block Vm could 
be used as potential regulators of sperm motility, once we now know these process are 
correlated. In chapter 4, I showed an improved drug, RU1968-F1, which can potentially be 
used as a new pharmacological tool to study CatSper channels and, moreover, could be used 
as a lead structure to develop non-hormonal contraceptives, since it mimics the lack of 
CatSper associated with male infertility and fertilisation prevention. The knowledge that 
generation of [Ca
2+
]i oscillations is the mechanism that drives switching of sperm behaviour 
and hyperactivation could be used as parameter for gamete selection in clinic. Finally, 
elucidating the [Ca
2+
]i oscillation mechanisms in human spermatozoa may bring important 
information for evolutionary biology on the study of conserved signalling pathways between 











8.3 Future work: 
 
 Investigate Ca2+ stores and pumps involved in the generation of [Ca2+]i oscillations 
downstream to CatSper activation and whether these machinery could also contribute 
to complex behavioral changes in human sperm, as hyperactivation; 




 Perform assays in samples of patients with defects in Ca2+ signalling machinery to 
confirm our tentative model for [Ca
2+
]i oscillations generation; 
 Increase the number of cells analysed on the fluo4-labelled free-swimming cells assay 
in order to improve understanding of the correlation between [Ca
2+
]i oscillations and 
swimming behaviour; 
 Improve the fluo4-labelled free-swimming cells technique to be able to perform faster 
recordings (50-60 Hz) and analyse other aspects of hyperactivated motility, such as 
ALH; 
 Investigate the [Ca2+]i oscillation and sperm swimming behaviour in viscoelastic 
environments; 














Appendix I.1 Correlation between [Ca
2+
]i and velocity - example. (A) shows relationship between [Ca
2+
]i 
(fluo4 fluorescence – blue) and average path velocity (VAP), in a progesterone-stimulated, free-swimming 
human sperm (velocity has been normalised to maximum value). Lower panel shows sperm track coordinates 
plotted with colour coding to indicate fluo4 fluorescence (B) and VAP (C). Analysis was performed in 








Appendix I.2 Correlation between [Ca
2+
]i and straightness - example. (A) shows relationship between [Ca
2+
]i 
(fluo4 fluorescence – blue) and straightness in a progesterone-stimulated, free-swimming human sperm. Lower 
panel shows sperm track coordinates plotted with colour coding to indicate fluo4 fluorescence (B) and 
straightness (C). Analysis was performed, in collaboration with Dr. Hector A. Guidobaldi, Universidad Nacional 










Appendix I.3 Correlation between [Ca
2+
]i and fractal dimension - example. (A) shows relationship between 
[Ca
2+
]i (fluo4 fluorescence – blue) and fractal dimension in a progesterone-stimulated, free-swimming human 
sperm. Lower panel shows sperm track coordinates plotted with colour coding to indicate fluo4 fluorescence (B) 
and fractal dimension (C). Analysis was performed, in collaboration with Dr. Hector A. Guidobaldi, Universidad 
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